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To improve the efficiency of silicon wafer solar cells, higher efficiency solar cell 
architectures are required. Aluminium local back surface field (Al-LBSF) solar 
cells are generally expected to be the next generation high-efficiency industrial 
silicon wafer solar cell architecture that will be manufactured on a large scale as 
it enables a cost-effective increase in solar cell efficiency by relatively modest 
changes to the solar cell production sequence. It features reduced rear surface 
recombination loss via locally diffused Al contacts in combination with a rear 
dielectric passivation layer in the non-contacted areas. Meanwhile, the 
combination of a dielectric layer and a full area rear electrode results in increased 
internal reflection for near-bandgap photons at the rear of the solar cell. This 
thesis focuses on the laser ablation of dielectric films for the localized contacts at 
the rear of an Al-LBSF solar cell. 
Laser technology has become one of the commonly applied techniques for 
high-efficiency silicon wafer solar cell fabrication. In order to incorporate laser 
processing technology in high efficiency solar cell fabrication, laser induced 
material damage has to be minimized or even eliminated. This thesis presents 
the optimisation of laser ablation of dielectric films from silicon substrates by 
nano- and pico-second pulsed lasers in the fabrication of Al-LBSF solar cells. 
Laser ablation of dielectric films is a demanding technique because the final solar 
cell efficiency can be easily negatively influenced by laser processing. Therefore, 
it is important to have a better understanding of the laser-material interaction 
involved. 
The work predominantly focuses on laser-material interaction that is relevant to 
the fabrication of silicon wafer solar cells, laser induced damage to the silicon 
vi 
 
and post-laser methods that mitigate the impact of laser induced defects on the 
final solar cell performance.  
Finally, optimised laser parameters were used to fabricate Al-LBSF solar cells 
which showed a significant performance increase compared to conventional Al 
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different ns laser parameters. Rows 1-5 correspond to 0, 10, 
20, 40 and 60% pulse overlap, respectively, while columns 1-5 
correspond to the laser fluence of 5.43, 7.21, 7.55, 8.42 and 
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“rear surface spallation effect” at the front surface of the solar 
cell. 
 
SEM image (tilted view) of the pyramid-textured front surface of 
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Model for surface oxidation of silicon. The presence of cracks 
within the oxide layer can enhance the diffusion of oxygen 
species. 
 
Model for laser induced oxidation of silicon. 
 
Deal-Grove model for the oxidation of silicon. 
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laser parameters. Rows 1-5 correspond to 0, 10, 20, 40 and 
60 % pulse overlap, respectively, while columns 1-5 
correspond to laser fluences of 2.10, 2.28, 2.37, 3.11 and 3.49 
J/cm2, respectively. The ps-laser was operating at a 
wavelength of 532 nm and a pulse duration of 10 ps. 
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Chapter 1. Introduction 
1.1 Motivations 
The global climate change is one of the greatest challenges facing mankind. 
Currently, mankind mainly relies on fossil fuels, which account for more than 80% 
of the total energy consumption, and this energy resource is diminishing. The 
emission of CO2 from burning the fossil fuels leads to climate change due to the 
greenhouse effect. Therefore, it is important to use an energy resource that is 
both renewable and “green” (low CO2 emission). There are many potential 
candidates for the future energy resources such as wind, hydro and solar energy. 
Among all these energy resources, solar photovoltaic (PV) energy receives most 
attention recently as one of the most promising sustainable energy resources for 
the future. PV is the process of harvesting sunlight and converting it directly into 
electricity via the photovoltaic effect. The main advantages of PV are: it is 
renewable, abundant, and readily available; it has no carbon emission during 
operation and has long lifetime of more than 30 years. 
Currently, PV is the renewable energy source with the fastest growth rate. The 
global PV annual installations increased from 303 MW in 2000 to 31 GW in 2012 
as shown in Fig. 1.1. The annual PV installation increased by more than 100 
times in 12 years. In 2012, Germany was the world‟s top PV market, with 7.6 GW 
of newly connected systems; China was the second with an estimated installation 
of 5 GW, followed closely by Italy (3.4 GW), the USA (3.3 GW) and Japan with 
an estimated 2 GW [1]. Silicon based solar cells are the most dominant 
technology in PV. They have an 83-87 % market share [2]. The success of silicon 
based solar cells is directly attributed to the material properties of silicon as 
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shown in Fig. 1.2 and the robust research, development, and manufacturing 
history of silicon PV and the semiconductor industry [3]. 
 




Figure 1.2: Summary of the properties of silicon that make it as an excellent 
candidate of base material for PV [3]. 
 
The greatest obstacle for the wide scale use of solar energy is its relative high 
cost compared to the conventional energy resources. In the past decade, the PV 
industry grew rapidly, predominantly with the help of government incentives. It is 
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imperative for the cost of the solar energy to be competitive without any 
subsidies in the long term. The main target of the PV industry is to continuously 
reduce the cost per kWh of PV electricity. One very effective way to decrease the 
cost of PV electricity is to increase the solar cell efficiency in a cost effective way. 
As shown in Fig. 1.3, module efficiency and manufacturing yield were identified 
as the most influential factors that affect the module cost while the efficiency 
shows the greatest potential for maximum cost savings available. Currently, the 
solar cells fabricated are based on relatively thin silicon wafer substrates 
(140~200 µm) which is another way of cost reduction. 
 
Figure 1.3: Sensitivity study of the module cost structure by Powell et al. [3]. 
 
To further reduce the cost per kWh of PV electricity, laser processes have 
drawn intense interest in the past years for various potential applications in the 
manufacturing of silicon wafer based solar cells. The fabrication of higher 
efficiency silicon solar cell structures, such as all-back-contact, laser-doped 
selective emitters, aluminum local back surface field (Al-LBSF) cells, and emitter 
and metal wrap through solar cells typically involve one or more laser processing 
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steps [4-7]. These new solar cell concepts would probably not be economically 
feasible without the use of lasers. 
 
1.2 Objective 
The ultimate goal of this thesis is to fabricate industrial feasible high efficiency 
silicon wafer solar cells through innovative laser processing technologies. To 
successfully implement laser processing into solar cell fabrication, it should be 
ensured that laser processing does not have a negative impact on the quality of 
the silicon materials and the solar cell‟s performance. In order to develop laser 
processes with minimum laser induced damage, it is crucial to have a 
fundamental insight into the laser-material interaction for developing a proper 
laser process. Hence, one of the main objectives of this thesis is to gain a 
fundamental understanding of the laser-material interaction that is relevant to the 
fabrication of silicon wafer solar cells. 
Advanced solar cell architectures are necessary for high efficiency silicon wafer 
solar cells. Al-LBSF solar cells are generally expected to be the next generation 
high-efficiency industrial silicon wafer solar cell architecture that will be 
manufactured on a large scale as it enables a cost-effective increase in solar cell 
efficiency by relatively modest changes of the solar cell production sequence [4, 
8, 9]. The structure of Al-LBSF solar cells is shown in Fig. 1.4. It features reduced 
rear surface recombination losses via locally diffused Al contacts in combination 
with a rear dielectric passivation layer in the non-contacted areas. In addition, the 
combination of a dielectric layer and a full area rear electrode results in increased 
internal reflection for near-bandgap photons at the rear of the solar cell. Typically, 
a laser is used to locally ablate the rear dielectric layer for metallization as shown 
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in Fig. 1.4. Another main objective of this thesis is to develop suitable laser 
processes and to investigate the impact of laser processes on the Al-LBSF solar 
cell‟s performance. 
Post laser treatment can be used to mitigate laser induced damage and thus to 
improve the performance of laser processed Al-LBSF solar cells. Thus, another 
objective of this thesis is to investigate the impact of post laser treatment on the 
Al-LBSF solar cell‟s performance. 
 
Figure 1.4: Structure of an Al-LBSF solar cell. Laser ablation is applied to locally 
open the dielectric film on the rear side of the solar cell. 
 
1.3 Thesis outline 
This thesis is divided into 9 chapters.  
Chapter 1 begins with motivations, objectives and outline of the thesis. Chapter 
2 begins with an overview of laser applications in silicon wafer photovoltaics. A 
review of pulsed laser ablation of dielectric films is presented. The basic 
principles and fundamental physical concepts of laser material interaction are 
introduced. Chapter 3 introduces industrial BSF solar cells and advanced 
concept of Al-LBSF solar cells. Their fabrication processes is presented and 
compared. The characterization techniques used in this thesis are also 
introduced in this chapter. Chapter 4 presents the experimental investigation of 
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laser ablation of dielectric films for Al-LBSF solar cells. Lasers with nanosecond 
and picosecond pulse durations were used for dielectric ablation. The 
photothermal effects induced by the lasers are evaluated and used as the criteria 
to optimize the laser parameters. Chapter 5 focuses on the non-thermal effects in 
the laser ablation of dielectric films. It is shown that non-thermally induced 
damage can be significant under certain processing conditions. The laser 
induced damage can be severe and can occur at unexpected locations. Chapter 
6 shows that lasers can induce changes in the chemical composition of the 
material, particularly the oxidation of silicon. This occurs when the laser ablation 
of the dielectric films is performed in air. The laser induced oxidation of silicon 
surfaces has detrimental impact on the solar cell‟s performance. Chapter 7 
presents the method to mitigate laser induced damage by applying a post laser 
treatment. Its impact on solar cells‟ performance will be presented. Chapter 8 
presents a detailed loss analysis of the best Al-LBSF solar cells fabricated in this 
thesis work and its performance will be compared to conventional BSF solar cells. 





Chapter 2. Background and Literature Review 
The first section of this chapter presents some of the popular and potential 
laser applications used in the fabrication of silicon wafer solar cells which 
includes laser ablation of dielectric films. Since laser ablation of dielectric films 
requires some knowledge of laser-material interaction, the second section of this 
chapter will focus on the underlying mechanism of laser-material interaction. The 
third section of this chapter presents a literature review about laser induced 
damage which is identified as the greatest challenge in the laser ablation of 
dielectric films. 
 
2.1 Overview of laser applications in silicon wafer solar 
cells 
The adoption of laser technology into the solar industry provides the possibility 
of improving the solar cell efficiency in a cost-effective way. In the last decade, 
lasers were applied more prevalently in the fabrication of thin-film solar cells than 
crystalline silicon solar cells because lasers were perceived as a luxury rather 
than a necessity for crystalline silicon wafer solar cells [10]. Laser applications in 
the crystalline silicon wafer solar cell industry expanded very quickly since 2010 
[11]. This is due to the fact that lasers started to play an increasingly important 
role in the research and development and production of silicon wafer solar cells. 
In this section, some popular applications of laser for conventional and the next-
generation silicon wafer solar cells will be briefly introduced. 
 
2.1.1 Laser edge isolation 
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Laser edge isolation was the first laser application in the fabrication of silicon 
wafer solar cells and was already applied from year 2000 [12, 13]. It is a well-
established technique. In the industrial solar cell fabrication sequence, an emitter 
layer is typically formed on both sides of a wafer in a tube diffusion process [14, 
15]. In order to electrically isolate the emitter layer from the rear side of the solar 
cell, junction isolation is performed by scribing a groove around the perimeter of 
the front surface as shown in Fig. 2.1. Since the cell area outside the groove is 
not a part of the active area of the cell, the groove should be placed as close to 
the wafer edge as possible. The groove is usually about 10 to 30 microns deep 
and 40 to 80 microns wide [16]. Laser edge isolation is a straightforward process 
and can significantly mitigate the shunting effect of the industrial silicon wafer 
solar cell. 
 
Figure 2.1: Schematic of a laser edge isolated solar cell. 
 
2.1.2 Laser grooved buried contact 
The laser grooved buried contact (LGBC) concept was originally proposed by 
the University of New South Wales (UNSW), Australia [17]. This technology was 
used in the BP Solar‟s production line at their Tres Cantos facility [18]. The most 
important feature of the laser grooved buried contact solar cell is the buried 
contact which has deep grooves created by laser scribing on the front surface of 
the solar cell as shown in Fig. 2.2. Q-switched Nd:YAG lasers at a wavelength of 
9 
 
1064 nm are usually used in this process. The grooves have a width of 20 µm 
and a depth of 40-50 µm. Since the dielectric film is simultaneously removed 
during laser grooving, a diffusion mask is created. After the laser processing, a 
chemical etch processing is necessary to remove the laser induced damage. A 
selective emitter structure (n+-n++) is formed after a heavy diffusion at the grooves. 
The subsequent metallization is done by electroless plating of Ni and Cu [19]. 
This solar cell structure enables higher open circuit voltages by allowing a lightly 
doped active area. The reduction of the metallization area increases solar cell‟s 
active area, leading to an increased light absorption and thus an increased short-
circuit current. The high metallization ratio at the buried contact increases the 
contact area and hence improves the fill factor. LBGC solar cells with efficiency 
up to 19.8% on a p-type float zone (FZ) wafers were fabricated [19].  
 
Figure 2.2: Structure of a LGBC solar cell [20]. 
 
2.1.2 Laser fired contacts 
The laser fired contact concept was originally proposed by Fraunhofer Institute 
for Solar Energy Systems (ISE), Germany [21]. It is a process of alloying the 
aluminum into the silicon substrate during laser induced localized melting, 
resulting in the formation of local p+ region at the alloyed area. This local p+ 
region is beneficial for the solar cell due to the reduction of surface recombination. 
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This process offers the reduction of the fabrication steps of rear passivated solar 
cells by eliminating the creation of contact opening in the rear passivation layer 
and the sintering step for the rear Al-Si contact. Another advantage of this 
process is the reduced thermal stress compared to the sintering step and thus 
avoids wafer warping for thin substrates. However, the laser processing window 
is narrow because the laser power needs to be sufficient to simultaneously 
induce local melting and break the dielectric film without causing too much 
damage to the silicon substrate. 
 
2.1.3 Laser doping  
Laser doping requires relatively low energy laser pulses which heat up the 
substrate near its melting point. It allows dopant incorporation via high-
temperature diffusion or liquid-phase transport. However, solid-phase diffusion 
forms extremely shallow junctions (<0.1 m) due to the very short timescales 
involved. Such a shallow junction is not suitable for solar cell fabrication [22]. A 
slightly deeper ( 1 m) and heavily doped layer can be achieved by laser doping. 
Taking into account the optical properties of silicon, lasers with a wavelength of 
532 nm and ns pulse duration are suitable for laser doping. Like in the case of 
laser fired contacts, other high temperature processing steps, such as thermal 
diffusion, can be avoided by adopting laser doping. Laser doping is used to 
achieve both large area emitters and selective emitters. Considerable amount of 
work has been done for laser doped large area emitters [23-26] but the solar cell 
results are not yet competitive compared to standard silicon wafer solar cells with 
a standard diffused emitter. Laser doping of selective emitters is a more 
promising application. The dopant source can be in the form of solid, liquid or gas 
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phase. According to the phase of the dopant source, laser induced doping can be 
categorized into dry, wet and gas immersed laser processing [27]. Since the gas 
immersed laser doping is less commonly used, only dry and wet laser processing 
will be discussed here. 
In dry laser processing, the dopant source can be a residual layer [5, 28, 29] 
from the previous diffusion processing (for example, phosphosilicate glass  (PSG) 
layer) or from a pre-deposited thin dopant-containing film [22, 30]. Fig. 2.3 shows 
an example of dry laser doping from a PSG layer. The laser pulse energy is 
sufficiently high to melt the silicon, facilitating dopant incorporation by liquid-
phase transport from the PSG layer into the molten silicon. Fig. 2.4 shows an 
example which a pre-deposited dopant source for laser doped selective emitter 
formation. It is a method which was originally proposed by UNSW [31]. The main 
physical processes involved are laser induced melting of silicon, ablation of 
dielectric layer, incorporation of the dopant by liquid-phase transport from the 
spin-on dopant into the molten silicon and the recrystallization of the molten 
silicon [32]. The main advantage of this method is the spontaneous formation of 
the selective emitter and a self-aligned metallization pattern when being used in 





Figure 2.3:  Laser doped selective emitter using PSG as the dopant source [5] 
 
 
Figure 2.4:  Laser doped selective emitter using pre-deposited dopant source. 
(Image courtesy of Newport Corp./Spectra-Physics) 
Taken from http://www.photonics.com/Article.aspx?AID=40098 
 
In the case of wet laser processing, one of the early works of laser doping in 
liquid phase was conducted by Stuck et al. [26]. A solar cell at an efficiency of 13% 
was achieved. An important work that has achieved high efficiency (> 20%) on c-
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Si wafer using the laser doping technique in liquid phase is the laser chemical 
processing (LCP) technique [33]. The working principle of LCP is schematically 
shown in Fig. 2.5. A laser beam is guided within the liquid jet by total internal 
reflection under high pressure to the reaction spot. Hence, the supply of dopants 
is unlimited compared with a thin film of dopant source and the thermal effect is 
suppressed due to the heat loss through convection in the liquid. 
 
Figure 2.5:  Schematic illustration of the LCP technique [34]. 
 
2.1.4 Laser drilling 
Laser drilling is used to create via holes in the emitter wrap through (EWT) [35] 
and metal wrap through (MWT) solar cells [36]. The via holes are created by 
irradiating a laser beam with repetitive high-energy pulses onto the silicon. The 
schematic drawings of the EWT and MWT solar cells are shown in Fig. 2.6. By 
using the via holes, the bus bars in the MWT solar cells and the entire front side 
metal grid in the EWT solar cells can be eliminated. It reduces shading loss in the 
solar cells and thus potentially improves the solar cell efficiency. Such back 
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contact scheme is also potentially beneficial for solar cell interconnection in PV 
modules. 
 
Figure 2.6:  Schematic drawing of (a) EWT and (b) MWT solar cells [7]. 
 
2.1.5 Laser ablation of dielectric films 
Dielectric films such as silicon nitride, silicon oxide and aluminum oxide, are 
frequently used in high efficiency solar cells as (anti)reflection coating and/or 
passivation layer. Formation of front and rear contacts is necessary to extract 
current from the solar cell. It is essential to open the dielectric films for the 
contact formation between silver and silicon on the front side, or between 
aluminum and silicon on the rear side. Typically, lasers are used to locally ablate 
the dielectric films to create contact openings. 
In recent years, laser ablation of dielectric films has been studied extensively. 
Laser ablation of dielectric films at different pulse durations ranging from ns to fs 
and different laser wavelengths from ultra-violet (UV) to visible (VIS) to infra-red 
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(IR) have been used for this application [37-39]. Most of the readily available 
laser sources in the market emit light in the UV to near IR range. Linearly 
absorption of laser light in dielectric materials is rare due to their high bandgap 
energies compared to the photon energy of the laser light used. This increases 
the difficulty with the reduction of laser induced damage because most of the 
light is absorbed in the silicon substrate, which induces the heating of the 
substrate. 
Laser ablation of dielectric films is a demanding technique because the final 
solar cell efficiency can be easily negatively influenced by laser processing. 
Therefore, it is important to have a better understanding of the laser-material 
interaction being involved. In Section 2.2, some fundamentals of the interactions 
between pulsed laser and materials relevant to silicon wafer solar cells will be 
presented. The greatest challenge in this application is the laser induced damage 
to the silicon substrate [40, 41]. Hence, a literature study of laser induced 
damage will be presented in Section 2.3. 
 
2.2 Laser-material interaction 
2.2.1 Optical effects 
Laser-material interaction depends both on laser parameters and physical and 
chemical properties of the materials. A laser is a special light source with very 
unique properties, such as: monochromaticity, high spatial coherence, good 
collimation and high temporal resolution. Optical effects, like reflection and 
absorption, need to be considered to understand laser-material interaction. For 
opaque materials, 
1 ,R A                                                     (2-1) 
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while for transparent materials,  
1 ,R T A                                                   (2-2) 
where R, T and A are reflection, transmission and absorption respectively. The 
reflection coefficient at normal incidence in air (n = 1) can be calculated using 




































                                          (2-4) 
where Rs and Rp are the reflectance of s- and p-polarized light, respectively, 
whereby s- and p-polarised light refers the perpendicular and parallel component 
of the electric field with respect to the plane of incidence respectively, n1 and n2 
the refractive index of the incident and refracted media, i and t the incident and 
refracted angles. For normal incidence light and unpolarized light, the Fresnel 
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Light absorption can be quantified by the absorption coefficient α. The absorption 






                                                   (2-6) 
where  is the wavelength. Assuming that the laser beam propagates in the z-







                                 (2-7) 
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Assuming a constant absorption coefficient and the initial light intensity is I0, the 
solution to the differential equation is 
0( ) .
zI z I e                                       (2-8) 
The output of a laser can be a continuous wave (CW) or a pulse with a short time 
duration. In pulsed operation, much higher peak powers can be achieved since 
the energy stored in the laser gain medium is released in a short burst. Laser 
ablation is the process of removing materials from a surface by laser irradiation. 
Laser ablation is different from laser-induced desorption, the former is a 
mesoscale phenomenon which involves large amount of atoms and the latter 
involves only individual atoms. Laser ablation is a threshold phenomenon 
accompanied by the formation of a dense plume of gas/plasma. Laser ablation is 
similar to a sputtering process. The main characteristics are: 1. material removal 
at rates ranging from a fraction of a monolayer to a few monolayers per pulse; 2. 
the amount of ejected particles is proportional to the density of 
electronic/vibrational excitation; 3. There is a fluence threshold below which only 
laser-induced desorption takes place without detectable modification of the 
surface . 
 




Laser-material interaction starts from the photo-excitation in the material. 
Figure 2.7 shows different types of electronic excitations in a solid, such as the 
intraband transitions in metal, interband transition and two-photon absorption in 
insulator or semiconductor. Laser induced desorption or ablation of materials is 
determined by a competition between localized and delocalized relaxation 
processes for the absorbed energy. The desorption of an atom or molecule 
occurs when the localization process wins the delocalized process by keeping 
the energy at a local site for longer than a few vibrational periods. A few 
vibrational periods is long enough for the bond to be broken and the atom or 
molecule to shift away from its equilibrium position. Desorption and ablation 
processes involve the following energy transformation [43]: 
1. Electronic energy to vibrational energy by electron-phonon scattering. It is an 
important electronic relaxation mechanism in metals and semiconductors. 
2. Electronic excitation energy to configurational energy. The creation of an 
exciton is an example of converting the electronic excitation energy to the 
configurational energy of the exciton. 
3. Electronic energy from one configuration coordinate to another. This happens 
when the configurational energy produces a new configuration. For example, an 
exciton might be converted into a vacancy-interstitial defect pair. 
4. Vibrational energy from one degree of freedom to another. An example is the 
conversion between the vibration in a particular bond and a different vibrational 
mode. 
The characteristic time constants of excitation, relaxation and transport 
processes need to be considered in order to evaluate whether the relaxation 
process is localized or delocalized. These characteristic time constants are 
strongly dependent on laser parameters (particularly, laser wavelength and pulse 
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duration) and materials‟ properties. At high laser intensities, the excitation and 
energy relaxation mechanisms can be significantly different from those relevant 
at low to medium intensities. 
 
2.2.2 Thermal and non-thermal processes in laser ablation 
There are generally two types of laser ablation: thermal and non-thermal 
ablation. Thermal ablation usually occurs when the relaxation time of 
thermalization of the excitation energy T is short compared to R which is the 
time constant to characterize the smaller value between the processing step and 
the inverse excitation rate. Laser induced thermal effect is different from the 
effect caused by a conventional heat source in a few ways: the laser induced 
heating has spatial and temporal confinement; extremely high heating rate and 
superheating of materials can be achieved; laser heating introduces non-linearity 
into the interaction process by altering the optical properties of the medium. For 
thermal ablation, the information regarding the laser-induced temperature 
distribution is important for understanding and optimizing the laser processing. 
However, direct temperature measurements are extremely difficult. In most cases, 
laser-induced temperatures can only be estimated by calculation. The 
temperature calculation is based on the heat equation. The heat equation 





C k S z
dt dr
                                             (2-9) 
where Cp is the volume heat capacity, k the thermal conductivity,  the density 
and S the source term. Heat lost through convection is negligible compared to 
heat conduction and hence the convection term can be ignored. The source term 




0( ) ( ) ( )(1 ) ,T zS z T I r R e                                   (2-10) 
where  is the absorption coefficient, R the reflectivity and I0 the laser intensity. 
The 1-R term refers to the transmitted energy that is available for absorption. It 
describes mainly absorption in silicon for laser ablation of dielectric films. The 
initial condition is 
0( 0) ,T t T                                                   (2-11) 
where T0 is the initial substrate temperature. The radiation heat loss Jrad is 
determined by the Stefan-Boltzmann law, 
4 4( ),rad surfaceJ T T                                       (2-12) 
where  is the relative emissivity,  the Stefan-Boltzmann constant, Tsurface the 
surface temperature and T the environment temperature. The energy flux into 
the ambient medium, Jcon, is given by, 
( ),con surfaceJ h T T                                       (2-13) 
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where hs and s are the heat transfer coefficient and the relative emissivity at the 
surface respectively, while hd, d and Td are the heat transfer coefficient, the 
relative emissivity and the temperature at a depth of d under the surface 
respectively. If the thermal penetration depth is much smaller than the radius of 
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the laser beam, the temperature profile can be simplified into one-dimension. The 
1-D solution of the heat equation is, 
0
0











                           (2-16) 
where D is the thermal diffusivity and k the thermal conductivity. Different 
analytical solutions for laser induced heating with various laser beam intensity 
distributions, such as triangular, rectangular and Gaussian, are given in [42-44]. 
Latent heat needs to be considered when phase changes, such as melting and 
evaporation, are involved. 
Thermal effect is usually significant in ns laser ablation of materials. This can 
be evaluated by the laser pulse duration and the time scale of the relaxation 
processes within the electron and lattice subsystems of the material. Firstly, Te 
and Ti are defined as the temperature of electron and lattice, while e and I are 
defined as the characteristic relaxation time of electron and lattice, respectively. 
The electron relaxation time is much shorter than the lattice relaxation time. For 
ns laser pulses, the laser pulse duration p is usually much longer than the 
characteristic time of lattice heating I. In this case, the electron and lattice 
temperatures are equal Te = Ti. The main relaxation mechanism is due to the 
electron-phonon scattering and the energy is lost through the heat conduction 
into the material. The energy transport from the laser into the material can be 
described by the heat equation (Eq. 2-9). As a result of the increased thermal 
energy induced by the ns laser irradiation, the ablated material usually appears in 
a mixture of vapour and liquid phases. The relatively long pulse duration allows 
the propagation of thermal wave into the material near the laser irradiated 
surface. Fig. 2.8(a) shows a hole drilled by an ns laser. The recoil vapour 
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pressure produces a “corona” around the hole. Columnar-structured materials 
are observed at the edge of the hole and they appear to have been "frozen" in 
the midst of being ejected from the surface. 
For ultra-short laser pulses, such as ps and fs pulses, the heat equation is no 
longer applicable. For ultra-short laser pulses, the energy transport into the 
material can be described by a two-temperature diffusion model [45-47] given by, 
( )
( ) ,ee e i
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                                               (2-19) 
where Ce and Ci are the volume heat capacities of electron and lattice,  the 
electron-lattice coupling constant, ke the electron thermal conductivity, Q(z) the 
heat flux and S the laser heating source term. In the case of fs laser pulses, the 
pulse duration is so short that p  e  i. During the laser pulse, the electron-
lattice coupling can be neglected. At the end of the laser pulse, the electrons are 
not in thermal equilibrium with the lattice. After the laser pulse, the electrons are 
cooled exponentially due to the transfer of energy to the lattice and heat 
conduction to the bulk until an equilibrium between the electrons and the lattice is 
achieved. A “strong evaporation” occurs when CiTi becomes larger than , 
where  is the density and  the specific heat of evaporation [47]. The criteria for 





                                                   (2-20) 
23 
 
where F is the laser fluence and  the absorption coefficient. The / term is 
the laser ablation threshold fluence. In the strong evaporation, the phase 
transition can be considered as a direct solid to vapour or solid to plasma 
transition. During these processes, thermal conduction can be neglected. The 
advantage of fs pulse laser for precise material processing can be clearly seen 
from Fig. 2.8(c). 
For ps laser pulses which satisfy the condition e  p  I, electrons start to 
thermalize within the laser pulse duration. Within the laser pulse and after e, the 
electron temperature becomes quasi-stationary while the lattice temperature 
increases with time. At this time, the lattice temperature is much lower than the 
electron temperature. Electron cooling is due to the energy exchange with the 
lattice. At the end of the laser pulse, the lattice temperature is approximately 
equal to the attainable lattice temperature. Like the fs pulses, the attainable 
lattice temperature is determined by the electron cooling time. In spite of same 
value of the threshold fluence for “strong evaporation” as the fs pulses, the 
physics is different for ps compared to fs pulses. Although the strong evaporation 
induced by ps laser pulses is often considered as direct solid to vapour or solid to 
plasma transition, the liquid phase inside the material exists during the interaction. 
Fig. 2.8(b) shows a wave-like structure radiating away from the ps laser ablation 




Figure 2.8:  SEM images of laser ablation of 100 m-thick stainless steel foil with 
(a) 3.3 ns, 1mJ, F = 4.2 J/cm2, (b) 80 ps, 900 J, F = 3.7 J/cm2 and (c) 200 fs, 
120 J, F = 0.5 J/cm2 laser pulses at a wavelength of 780 nm. 
 
2.2.3 Laser interaction with dielectric materials 
Laser ablation of dielectric materials involves the interaction between laser light 
and nominally transparent materials. At moderate laser fluences, laser interaction 
with nominally transparent materials is negligible. The energy deposition to the 
dielectric materials only occurs at high fluences by residual absorption or 
nonlinear absorption processes. Generally, there are four different absorption 
mechanisms: 
(1) Intrinsic absorption in a perfect crystal.  
Linear absorption is the simplest process but requires deep ultra-violet (DUV) 
photons to match the wide bandgap of the dielectric materials for excitonic 
interband transitions. The linear absorption is not a relevant process when the 
photon energy is much lower than the bandgap energy of the dielectric materials. 
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Multi-photon absorptions (as schematically shown in Fig. 2.7) are the non-linear 
absorption processes that usually only occur in high intensity ultra-short pulse 
ablation of dielectric materials [48-50]. The probability for higher order multi-
photon process is strongly dependent on the laser intensity. 
 
(2) Incubation and transient absorption.  
The formation of stable defect centers by laser irradiation [51] causes a 
substantial and often irreversible change of the absorption properties of the 
irradiated material and is commonly referred to as incubation. Besides the 
permanent change of the absorption properties of the irradiated material, energy 
deposition from laser light into the material may be enhanced by a transient 
absorption from electrons in the conduction band. This phenomenon is called 
free electron heating, which has been described theoretically and studied 
experimentally with ultrashort pulse lasers [52-54]. The channels for the 
generation of free electrons in the presence of intense optical fields are 
multiphoton transitions or electron impact (avalanche) ionization [55, 56].  
 
(3) Impurity-related absorption.  
The condition of crystal growth is also important. If the crystals are not grown 
with under high-purity conditions, traces of impurities may be introduced into the 
crystal and these impurities may act as centers for linear or nonlinear absorption. 
It is because that the impurities can generate electronic states in the bandgap 
like point defects. 
 
(4) Surface absorption.  
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This is attributed to the surface preparation or handling steps and surface 
contamination or degradation during the exposure to the environment. 
 
Laser induced damage to a transparent dielectric materials occurs at 
electromagnetic field strengths which induce dielectric breakdown of the material. 
Bulk dielectric materials have DC and AC breakdown strengths about 1 and 5 
MVcm-1 respectively [57]. The critical free electron number density which has to 
be created by the optical pulse before solid dielectric breakdown occurs is 1018 
electrons/cm3 [57] or in the order of 1021 electrons/cm3 [42]. The difference in 
electron numbers shows probabilistic character of the breakdown threshold, with 
a large interval of possible values in similar conditions due to the statistical 
presence of a small number of free electrons in the conduction band within the 
irradiated volume to initiate the avalanche. The change in free electron density in 










                   (2-21) 
where N is the free electron density, an the n
th order absorption coefficient, I the 
intensity,  the impact ionization coefficient, krec the recombination rate. The free 
electrons are mainly generated by linear or non-linear absorptions and impact 
ionization. The first term on the right hand side of Equation (2-21) represents 
linear and non-linear absorptions. The second term represents the impact 
ionization. The third term accounts for electron recombination or losses. q is a 
constant between 1 and 2. The value of q is determined by the type of 
recombination mechanism. Therefore, the relative contributions from different 
electron generation mechanisms to the generated free electron density can be 
evaluated from Equation (2-21). 
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Multi-photon absorption can be significant in the interaction between high 
intensity ultrashort laser pulses with dielectric materials. It is important to 
consider this effect for a better understanding of the laser ablation mechanism. 
Three frequently used wavelengths of Nd:YAG laser for the ablation of dielectric 
material for solar cell applications are 1064, 532 and 355 nm, corresponding to 
photon energies of 1.2, 2.3 and 3.5 eV, respectively. For wide-bandgap dielectric 
materials, such as silicon oxide with a bandgap energy of 9.0 eV [59], three-
photon absorption or higher order of multi-photon absorption is required for an 
interband transition. Many research results show that the absorption in the silicon 
oxide is negligible at various laser pulse durations ranging from a few ps to 50 fs 
and various laser wavelengths from UV to IR. The absorption in this case occurs 
at the silicon substrate which induces the ablation [60, 61]. This ablation 
mechanism is often called indirection ablation because the dielectric film is “lifted 
off” by the pressure from the expansion of silicon vapor or plasma. Multi-photon 
absorption is more significant in dielectric materials with narrower bandgaps such 
as silicon nitride with a bandgap energy of 3.5 eV at a refractive index n2.1 
and a nitrogen-to-silicon ratio of approximately 1.05 [39]. Therefore, linear 
absorption for laser light at a wavelength of 355 nm or shorter is possible while 
the absorption for laser light at wavelengths of 532 nm and 1054 nm requires at 
least two- and three-photon absorption respectively. Heinrich et al. [38] and 
Thorstensen et al. [62] have shown that the laser ablation of silicon nitride film for 
near infrared (NIR) wavelengths of 1064 and 1030 nm at a few ps pulse duration 
is via indirect ablation because the intensity of the laser pulse is not sufficiently 
high for efficient three-photon absorption. However, both studies have shown 
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significant two-photon absorption of laser light at visible light wavelength in the 
silicon nitride layer. 
Depending on the laser parameters (wavelength and pulse duration), the 
dominant interband absorption mechanisms may be linear or two-photon 
absorption. Linear absorption with an exponential decay of intensity is shown in 
Equation (2-8). Similar for two-photon absorption, the optical attenuation can be 
described by, 




                            (2-22) 
where I is the laser intensity,  the two-photon absorption coefficient. Hence, the 
profile of the intensity which is assumed to be only attenuated by two-photon 
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A semi-empirical model to estimate the two-photon absorption coefficient of 
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where B = 5.67  10-66 J3m/W, n0 the refractive index, Eg the bandgap,   the 
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                            (2-26) 
where ntr is the number of photons participated in the interband transition. 
Equation (2-26) can be used to estimate the number density of electron-hole 
pairs generated by linear and two-photon absorption where the ntr is 1 and 2 for 
these two absorption mechanisms respectively. Thorstensen et al. [62] have 
shown that the photo-generated density of electron-hole pairs during laser (pulse 
duration 3 ps, wavelength of 515 nm, laser fluence of 0.43 J/cm2) ablation of 
silicon nitride film (refractive index of 2.1) is about 3.51020 cm-3 for linear 
absorption with absorption coefficient  = 3 102 cm-1. The two-photon absorption 
coefficient estimated from equation (2-24) is 3.5 cm/GW in the same experiment, 
which suggests that approximately same number density of electron-hole pairs 
are generated by linear and two-photon absorption. They concluded that for the 
higher refractive index silicon nitride films, linear absorption might generate the 
majority of the electron-hole pairs; while two-photon absorption might dominate 
for shorter pulses. 
The seed electron generated by linear and multi-photon absorption may lead to 
new phenomena, such as free carrier absorption and impact ionization that may 
ultimately lead to the breakdown of the dielectric materials [64]. Free carrier 
absorption introduces kinetic energy into the system but it does not increase the 
electron number density because the energy is absorbed by the conduction band 
electrons by intraband transition. The strongly excited electrons may promote 
more carriers to the conduction band through impact ionization which rapidly 
increases the number of electrons. A dense electron-hole plasma is excited 
during the laser pulse. The strong energy coupling to the plasma can generate 
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intense photoemission of electrons, leading to the accumulation of positive 
charges and a strong surface electric field at several 108 V/cm. When the 
repulsive force between ions exceeds the lattice binding strength, surface layer 
disintegration occurs [65]. This process is called Coulomb explosion. This 
process is inhibited in metals due to the fast transport of electrons but it is an 
important process in the ablation of dielectrics under high-intensity pulse laser 
irradiation. 
 
2.3 Laser induced damage 
It is important to minimize process induced defects in silicon in order to 
fabricate high efficiency solar cells as it possibly has adverse affects on the 
efficiency of the final solar cell devices. In order to incorporate laser processing 
technology into high efficiency solar cell fabrication, it is therefore essential that 
laser induced material damage is either eliminated or at least minimized during 
solar cell fabrication. The laser induced damage needs to be identified and the 
damage mechanism needs to be understood. It is also important to find a 
solution to minimize or eliminate the laser induced damage. 
 
2.3.1 Characterization of laser induced damage 
Characterization of laser induced damage is a crucial step in the investigation 
of laser ablation of dielectric films. Various characterization techniques can be 
used. It is important to choose suitable characterization techniques for different 
types of laser induced damage. 
 
2.3.1.1 Surface damage 
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The surface of a sample can be studied by various characterization techniques. 
Optical microscopy and scanning electron microscopy (SEM) are essential 
techniques, which are used by almost all the studies of laser ablation of dielectric 
films [66, 67]. Optical microscopy is a fast and simple way to preliminarily 
evaluate the quality of the laser ablated surface of the sample and to measure 
the size of some laser ablated features or sample surface microstructures. For a 
higher resolution, a SEM is typically used. Auger Electron Spectroscopy (AES) 
was used by V. Rana et al. to detect any remaining SiNx on the laser ablated 
surface [68]. Other alternative characterization techniques, such as X-ray 
photoelectron spectroscopy (XPS) and Energy-dispersive X-ray spectroscopy 
(EDX), can be used to perform chemical element analysis on the laser ablated 
area. The morphology of laser ablated areas can be evaluated by techniques, 
such as atomic force microscopy [69], scanning tunnel microscopy and optical 
interference microscopy. Interesting ripple-like structures, also called the laser 
induced periodic surface structures (LIPSS), are usually observed after the laser 
ablation [70-72]. The general accepted explanation of the phenomenon is the 
interference between the incident light and the electromagnetic waves generated 
during the scattering at the surface [73]. A. Knorz et al. attributed the observation 
of the LIPSS on a textured surface to the interference of the laser light which is 
reflected from the adjacent slopes of the pyramids [39].  
 
2.3.1.2 Bulk damage 
Laser induced damage to the silicon substrate can result in the degradation of 
the minority carrier lifetime. A commonly used technique for the lifetime 
measurement is quasi-steady-state photoconductance (QSSPC) [74]. By using 
high quality substrates, such as FZ-type silicon wafers in combination with 
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excellent surface passivation, the lifetime of the laser damaged layer can be 
identified. Photoluminescence (PL) imaging is an alternative technique to 
measure the effective lifetime [75]. PL imaging is a useful technique which 
provides spatially resolved information of the sample. K. C. Feng et al. used PL 
imaging to analyze the surface of laser scribed grooves and QSSPC calibrated 
PL imaging after a repassivation of the surface to investigate the bulk damage 
[76]. A similar characterization method is used in this thesis and more discussion 
on the luminescence-based techniques will be presented in Chapter 3 of this 
thesis. 
The laser selective ablation of silicon nitride or other anti-reflection coatings 
(ARC) is often used to create opening for the front metal contact formation or to 
create diffusion mask for selective emitter formation. In these applications, the 
laser ablation of the dielectric films is performed on a substrate with an emitter. 
Therefore, the impact of laser induced damage is mainly apparent by an 
increased recombination in the emitter. For a symmetrically passivated sample 












,                                          (2-27) 
where S is the surface recombination velocity, bulk the bulk lifetime, W the wafer 
thickness. For a symmetrical sample with an n+ emitter and dielectric films on the 
both sides of the wafer as shown in Fig. 2.9(b), the effective carrier lifetime can 
be given by [79], 
0
2







                                   (2-28) 
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where J0e is the emitter saturation current density, Ndop the doping concentration, 
n the excess carrier concentration and ni the intrinsic carrier density. J0e is one 
of the most important quantities of recombination in the emitter. Based on Eq. (2-
28), Kane and Swanson developed a technique to extract J0e from contactless 
effective minority carrier lifetime measurements [79]. This method is often used 
to determine the impact of laser induced damage to the emitter using the sample 
structure as shown in Fig. 2.9(d). P Engelhart et al. determined the local emitter 
saturation current density at laser processed areas with a method schematically 
shown in Fig. 2.10 [80]. The effective carrier lifetime after full area SiO2 
passivation eff.pass was measured by QSSPC technique first. After the laser 
ablation of the SiO2 passivation layer with laser pulses uniformly distributed over 
the whole sample surface at certain area fraction f of the ablated region, the 
second effective carrier lifetime eff, was measured on the same sample. The 
corresponding emitter saturation current density J0e,pass and J0e,eff were extracted. 
The area fraction f varied in the range of 30–60% of the total area. It is assumed 
that J0e,eff is the area weighted average of the saturation current densities J0e,pass 
in the passivated region and J0e,laser in laser ablated regions. J0e,eff can be given 
by,  
0 , 0 , 0 ,(1 ) .e eff e pass e laserJ f J f J                                 (2-29) 
By solving the Equation (2-29), the local emitter saturation current density in 
laser ablated regions can be obtained. Laser induced damage in the emitter 
increases the recombination, leading to a higher local emitter saturation current 
densities. Other methods that can be used to study the laser induced damage to 
the emitter region are secondary ion mass spectrometry (SIMS) measurement 
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[68], four point probe (4PP) measurement [81] and Suns-Voc measurement [66, 
81]. 
 
Figure 2.9:  Structures of dielectric films passivated silicon wafers: (b) and (d) 
have a diffused n+ emitter, (c) and (d) have a damaged layer. 
 
 
Figure 2.10:  Proces flow used for extracting the local emitter saturation current 
density [80]. 
 
2.3.1.3 Depth of the laser damaged layer 
Knowledge about the depth of the laser damaged layer is also valuable for 
evaluating the extent of laser induced damage. The measurement of the depth of 
the laser damaged layer and the distribution of the defects along this direction is 
usually achieved by analyzing the cross-section of a laser processed sample. 
Defect etching is a way to delineate the defected region not only at the top 
surface but also at the cross-sectional surface. The Yang etch [82] is commonly 
applied to delineate the defect on cross-sectional silicon surfaces [41]. There are 
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other defect etch methods to characterize crystal defects on the <100> plane in 
silicon such as the Secco and Schimmel etch [83, 84]. Hameiri et al. performed 
electron backscattering diffraction (EBSD) and transmission electron microscopy 
(TEM) measurements on the cross section of a laser doped sample characterize 
the laser damaged layer [85]. Baumann et al. used X-ray diffraction to estimate 
the dislocation density in the laser damaged silicon layer by analyzing full widths 
half maximum (FWHM) of the X-ray diffraction (XRD) signal [41]. The 
dislocations in the crystal cause deformation of the lattice plane and thus the 
XRD signal and its FWHM becomes wider. The FWHM of the signal can be 
converted into the dislocation density. An evaluation of a damage layer by a non-
destructive method was used by Schneider et al. with the help of surface 
acoustic waves [86]. 
    
2.3.1.4 In situ investigation of laser induced damage 
Some characterization techniques allow in situ investigation of laser induced 
damage. These techniques include optical measurements (reflection, 
transmission, scattering), vacuum based analysis on the laser induced plasma 
and ejected particles (from deposited thin film or substrate) by mass 
spectrometry [87]. Figure 2.11 shows a typical setup used for in situ studies of 
laser materials ablation by means of the probe beam deflection (PBD) technique 
[88-90]. A He-Ne laser is used as the probe laser. Laser ablation generates 
plasma and supersonic pressure waves, which result in the transient change of 
the refractive index in the air just above the sample surface leading to the 
deflection of the probe beam due to mirage effect. Lu et al. designed a setup for 
real-time monitoring of the acoustic wave [91]. This technique is useful to detect 
36 
 
the laser damage threshold. Reichling et al. uses a video imaging system for 
damage threshold determination [90]. 
 
Figure 2.11: Photoacoustic studies of laser damage in oxide thin films [90]. 
 
2.3.2 Methods to minimize laser induced damage 
There are a few methods to minimize laser induced damage to the silicon 
substrate. The first one is to increase the absorption of the laser light in the 
dielectric film, ensuring that less light is absorbed in the silicon substrate. To 
achieve higher absorption of the laser light in the dielectric films, different 
approaches can be used for different types of dielectric films. For example, lasers 
with a shorter wavelength can be used for the ablation of dielectric films with 
relatively low band energy. The optical band gap of a plasma enhanced chemical 
vapor deposited (PECVD) SiNx ARC coating is 3.5 eV [39]. Ultra-violet (UV) or 
deep ultra-violet (DUV) light from KrF and ArF excimer lasers with wavelengths 
of 248 and 193 nm, and from third harmonic generation of Nd:YAG laser with 
wavelength of 355 nm, all have a high absorption in the SiNx film. However, this 
approach is not effective for commonly used dielectric materials with a much 
wider band gap, such as silicon oxide. A suitable approach for this type of 
dielectric materials is to take the advantage of the non-linear absorption effects in 
these materials by using ultrashort-pulse lasers. The laser pulse duration needs 
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to be in the scale of pico- or femto-seconds to result in significant absorption 
related to nonlinear processes as discussed in Section 2.2. Since the laser 
induced damage is usually related to laser induced thermal effect, the second 
solution is to suppress such effect. By using ultrashort pulse lasers, “cold ablation” 
can be achieved. In addition, the laser fluence should be as low as possible while 
still sufficient for the ablation of the dielectric films. Typically, the laser fluence 
should be close to the ablation threshold. The ablation threshold fluence is 
defined as the laser fluence to induce prominent and permanent change in a 
material, usually due to a substantial increase of removal rate of the material. 
This ablation threshold depends on types of materials, types of substrates for thin 
film materials, surface microstructures, concentration of defects and laser 
parameters (particularly the laser wavelength and the pulse duration) [42]. Table 
2 lists the threshold fluence for different dielectric thin film materials that can be 
found in literature. Besides laser parameters, post laser treatment, such as 
thermal annealing and chemical etching, can be used to remove laser induced 
damage. The effect of post laser treatment will be discussed in detail (Chapter 7). 
 
Table 2.1: Summary of threshold laser fluence for different dielectric materials. In 
ref [92], the authors defined the threshold fluences that cause the melting of the 
substrate, the breaking of the dielectric film and the damage of the substrate as 
the melting, the breaking and the damage threshold which are denoted by Fm, Fb 
and Fd respectively. 
Substrate type Coating type 
and thickness 







SiNx (80 nm) or 
SiOx (100 nm) 
 
Nd:YAG ns laser, 355, 532, 1064nm 
Excimer ns laser,  = 248 
Ti:sapphir fs laser 











15 ps, 355 nm 
0.33 [81] 
Yb:KYW 
























600 fs, 1030 nm 
0.82 
Planar silicon SiO2 100 nm 50 fs, 400 nm  
 
Fb = 0.159 ± 0.006 
Fm = 0.060 ± 0.002 
Fd = 0.317 ± 0.030 
[92] 
280 fs, 515 nm, 
 
Fb = 0.219 ± 0.004 
Fm =0.137 ± 0.002 
- 
50 fs, 800 nm  
 
Fb  = 0.286 ± 0.002 
Fm  = 0.188 ± 0.002 
Fd  = 1.245 ± 0.045 
700 fs, 800 nm  
 
Fb  = 0.0302 ± 0.007 
Fb  = 0.238 ± 0.005 
Fb  = 1.180 ± 0.110 
1000 fs, 800 nm  
 
Fb  = 0.320 ± 0.005 
Fb  = 0.258 ± 0.003 
Fb  =1.180 ± 0.110 
2000 fs, 800 nm  Fb  = 0.382 ± 0.006 
Fb  = 0.321 ± 0.006 
Fb  = 1.180 ± 0.110 
280 fs, 1030 nm  
 
Fb  = 0.325 ± 0.003 
Fb  = 0.233 ± 0.004 
Fb  = 0.950 ± 0.060 
SiNx 110 nm 50 fs, 400 nm  Fb  = 0.194 ± 0.007 
Fb  = 0.065 ± 0.003 
Fb  = 0.386 ± 0.030 
280 fs, 515 nm  Fb  = 0.313 ± 0.005 
Fb  = 0.181 ± 0.003 
Fb  = 0.475 ± 0.050 
Al2O3 50 nm 280 fs, 1030 nm  Fb = 0.357 ± 0.011 
Textured 
silicon 
SiNx 75-90 nm 35 ns, 355 nm 0.4-0.6 [93] 
SiNx 75-90 nm 10-15 ps, 355 nm 0.1 
Planar silicon SiO2  
110-320 nm 
8–9 ps, 1064 nm 0.7-1.2 [61] 
8–9 ps, 532 nm 0.1-0.35 
8–9 ps, 355 nm 0.2-0.4 
Planar silicon SiO2 200 nm 30 ns, 355 nm 2.0 [80] 
10 ps, 532 nm 1.0 
Planar silicon SiNx 75 nm 9 ps, 1064 nm 0.646 ± 0.020 [38] 
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9 ps, 532 nm 0.293 ± 0.015 
9 ps, 355 nm 0.112 ± 0.012 
 
2.4 Summary  
In this chapter, an overview of laser applications in the fabrication of 
conventional and next-generation silicon wafer solar cells is presented. It shows 
that laser processing has great potential for the fabrication of high-efficiency 
industrial silicon wafer solar cells. Since this thesis focuses on the laser ablation 
of dielectric films which requires certain knowledge of laser material interaction, 
the fundamental mechanisms in the interaction between pulsed laser and 
materials relevant in the silicon wafer solar cell were discussed. Subsequently, 
laser induced damage, the greatest challenge in the laser ablation of dielectric 
films, was discussed. A literature review revealed a variety of opinions to 
investigate laser induced damage. Methods to minimize laser induced damage 
are briefly discussed. 
In the next chapter, the solar cell fabrication process will be presented followed 




Chapter 3. Processing and Characterization 
This chapter presents the experimental procedures used for the fabrication of 
industrial silicon wafer solar cell in this thesis work, including wet chemical, 
phosphorous diffusion, dielectric coating, laser processing, metallization and 
firing with more emphasis on laser processing. A few characterization techniques 
used to characterize laser processed samples as well as fully processed solar 
cells are also presented. 
 
3.1 Solar cell fabrication process 
3.1.1 Overall process flow 
The aim of this thesis work is to fabricate industrial feasible high efficiency 
silicon wafer solar cells. There should be a cost-effective increase in solar cell 
efficiency by relatively modest changes to the solar cell production sequence. 
Aluminum local back surface field (Al-LBSF) solar cells have the advantages of 
both high efficiency potential and relatively simple processing sequence and as a 
consequence, it is generally expected to be next-generation standard industrial 
silicon wafer solar cell. Thus, most of the investigations in this thesis are based 
on Al-LBSF solar cell architecture. The processing sequences of conventional 
back surface field (BSF) and LBSF solar cells will be presented and discussed in 
this chapter. Figure 3.1 shows the process sequence of the conventional solar 
cell and Al-LBSF solar cell.  
The processing of BSF solar cells started with saw damage etching and 
surface texturing by alkaline based solutions. Then, the surface was cleaned for 
subsequent POCl3 diffusion to create p-n
+ junction. The phosphosilicate glass 
(PSG) was removed by a subsequent etching in a HF solution. The next step 
41 
 
was chemical or laser edge isolation. Then the samples were cleaned for SiNx 
deposition on the front surface. Subsequently, an Ag H-pattern and a full area Al 
was screen printed on the front and rear surface, respectively. Finally, the solar 
cell fabrication process ended with an industrial co-firing process. 
For Al-LBSF solar cells, the processing steps were slightly different. SiNx was 
deposited on the rear side of the solar cell as a both diffusion barrier and a etch 
mask to ensure single side texturing and diffusion on the front surface. This SiNx 
layer was also removed in the PSG removal step. Another main difference 
between the Al-LBSF and Al-BSF solar cell is that the rear side of the LBSF solar 
cells was coated with an AlOx/SiNx dielectric stack which was subsequently 
opened locally by laser ablation. Hence, there were only local contacts between 
the silicon bulk and the Al rear contact. This thesis predominantly focuses on 





Figure 3.1: Process sequence for the fabrication of LBSF and conventional BSF 
solar cells. 
 
3.1.2 Laser processing 
Since this thesis focuses on laser processing for the fabrication of the solar cell, 
the laser processes will be discussed in detail. The laser system used in this 
work is an integrated laser system (SOLAS, IDI) with two main laser sources: an 
ns laser (ROFIN PowerLine E 25) and a ps laser (LUMERA SuperRapid) as 
shown in Fig. 3.2. Other components of the SOLAS system included a VISION 
camera used for the mapping of the wafer and a sample stage (jig) with wafer 
clamps and vacuum suction. The laser specifications are listed in Table 3.1.  
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The ROFIN ns laser used was a diode pumped solid state Nd:YAG laser 
operated at a pulse duration of 40 ns and a wavelength of 532 nm. The output 
power of the ROFIN ns laser was controlled by the diode pump current. The 
LUMERA ps laser was a solid state Nd:YAG laser operating at a pulse duration 
of 10 ps, at wavelengths of 1064 nm or 532 nm. Due to the large penetration 
depth of the 1064 nm light in silicon, only the second harmonic generation (SHG) 
of the laser beam (532 nm) was used in this work. The output power of the 
LUMERA ps laser was controlled by varying the angular rotation of a polarizer 
inside the laser head, motor position, which could be varied in a range from 0 to 
± 10800 (arbitrary unit). 
 
Figure 3.2: The laser system at SERIS with its main components: ROFIN ns 






Table 3.1: Specifications of the laser sources used in this work. 
Beam Characteristics ROFIN Power Line E25  LUMERA Super Rapid 
Wavelength [nm] 532 1064 / 532 
Repetition rate [kHz] 15 – 200 15 – 1000 
Pulse width [ns] 40 0.008 
Beam quality TEM00 TEM00 
M
2
 < 1.5  < 1.3 
Power stability during 8h [rms] 3 % < 1%  
Pulse-to-pulse stability [rms]  3 %  < 1%  
Beam roundness [%] > 85 > 85 
 
3.1.2.1 Laser focus position 
The laser beam has to be focused through a focusing lens to obtain sufficiently 
high intensity for the required applications. The laser focus position is the first 
parameter to be determined. In order to find the focus position, the laser power is 
selected to be sufficiently high to introduce observable modification (ablation) of 
dielectric. The laser scribing speed should be sufficiently fast to separate the 
laser pulses, i.e. the distance between the centers of two consecutive pulses is 
larger than the diameter of the ablated spot. The sample position could be 
controlled by the xyz-translational stages. Ablation of the dielectric films was 
performed at various positions in z-direction (perpendicular to the sample stage). 
The sizes of the laser ablated spots were measured by using optical or scanning 
electron microscopy. The focus position was defined as the z-position where the 
smallest ablated spot size could be obtained.  Figure 3.3 shows an example of 
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the changes in the ablated spot size at various z-positions for the ns laser. The 
focus position was at z  0 mm. 
 
Figure 3.3: Laser ablated spot size at various z-positions and different repetition 
rates. 
 
3.1.2.2 Laser fluence 
Instead of the laser intensity, the laser fluence is a more appropriate term to 
describe pulsed laser ablation. The laser fluence F is defined as the energy 
density of the laser pulse. For the laser beam with a Guassian distribution, the 







                                                                (3-1) 
where Ep is the energy per laser pulse, A the effective area of the laser spot. The 
average power of the laser beam can be directly measured by a power meter. 





                                                              (3-2) 
where Pave is the average power of the laser beam and f the repetition rate of the 
laser. The laser beam radius needs to be determined for the calculation of laser 
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spot area. The laser beam radius 0 is defined as the distance from the point 
where the intensity has dropped to 1/e2 of the peak value to the centre of the 
laser beam. The laser beam radius 0 can be directly measured by a CCD 
camera. Another commonly used method to determine 0 is Liu‟s method [94]. It 
is a convenient technique to extract the focused laser beam spot size by 
analyzing the relationship between the lateral dimensions of the ablated area and 
laser peak fluence, 
2 2 20
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                                       (3-3) 
where d is the diameter of laser ablated area, F0 the laser peak fluence, Fth the 
laser threshold fluence and Eth the threshold pulse energy. From the plot of d
2 
against Ep (Ep is in log scale), Eth and 0 can be determined by curve fitting. 
 
3.1.2.3 Laser threshold fluence 
The laser threshold fluence can be determined by Liu‟s method. The laser 
threshold fluence was determined experimentally. It is defined as the energy 
density that onsets detectable modification of the dielectric films. An example of 
how to determine the onset of ablation is shown in Fig. 3.4. 
 
Figure 3.4: Determining the ablation threshold by extracting the laser fluence that 
onsets laser ablation 
 
3.1.2.4 Laser repetition rate 
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The repetition rate of the laser is the frequency of the laser pulses. The laser 
pulse overlap/separation can be controlled by the combination of laser scribing 
speed, which is controlled by either the galvo mirror or the translational stage, 





                                                            (3-4) 
where f is the repetition rate, v the laser scribing speed, ls the separation 
between the centre of two consecutive pulses. The laser pulse overlap (ratio) can 







                                           (3-5) 
where l is the length of laser pulse overlapped area, d the diameter of laser 
ablated area as shown in Fig. 3.5. The laser pulse overlap is important for line 
shape contact openings. 
 
Figure 3.5: Definition of laser pulse overlap. 
 
3.1.3 Wet chemical processes 
Wet chemical processes are one of the most important processes in solar cell 
fabrication. Several different wet chemical processes are involved in both 
conventional BSF solar cell and LBSF solar cell fabrication. The main functions 
of the wet chemical processes are the removal of damaged silicon layers, 




3.1.3.1 Removal of damaged silicon layers 
The surfaces of the as-cut wafers contain much saw damage. The surfaces are 
not suitable for the subsequent processes. Therefore, the first step in the 
fabrication of mono-crystalline silicon wafer solar cell is saw damage etching. A 
proprietary alkaline based solution (also known as “SERIS etch”) was used for 
saw damage etching [95]. More surface contaminants can be removed by this 
proprietary etch solution and thus potentially enabling higher solar cell 
efficiencies. The wafers are immersed in the solution at 80 C for 25 mins. 
Another type wet chemical silicon removal step used in this work is post laser 
etching, which consists of a 10% potassium hydroxide (KOH) solution at 70 C. 
Effect of the post laser etching will be presented in Chapter 7. 
 
3.1.3.2 Surface texturing 
For mono-crystalline silicon, alkaline based solution is one of the best choices. 
Surface texturing can be done, because it enables preferential etching along 
different crystal orientations and the etching stops at the (111) plane resulting in 
a random pyramid textured surface. The solution for surface texturing is the 
mixture of water, KOH and iso-propyl-alcohol (IPA). The size and density of the 
pyramids can be controlled by the relative ratio of the chemicals. The texturing 
solution consists of KOH: IPA: H2O at a ratio of 1: 2: 15 and the samples were 
etched in this solution at 80 C for 40 minutes. The sizes of random pyramids 
produced under such conditions are in the range of 4-7 m. These random 





3.1.3.3 Surface cleaning 
Standard RCA cleaning (developed by the Radio Corporation of America) 
methods were used for wafer surface cleaning [96]. There are two different RCA 
cleanings: the RCA1 cleaning removes organic contaminations and the RCA2 
cleaning removes metallic contaminations. In the RCA1 cleaning process, a 
mixture of ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) and DI-
water in a ratio of 1: 1: 8 was used at 80 C for 10 minutes. In the RCA2 cleaning 
process, a mixture of hydrochloric acid (HCl), hydrogen peroxide (H2O2) and DI-
water in the ratio of 1: 1: 8 is used at 80 C for 10 minutes.  
HF is another important chemical to clean silicon surfaces. Since H2O2 is a 
strong oxidizing agent, a thin layer of oxide is left on the silicon surface. A short 
HF dip in 1% HF solution for a few seconds can remove this oxide layer. Hence, 
the RCA cleaning is typically followed by a short HF dip. Another HF cleaning is 
for the removal of phosphosilicate glass (PSG) after POCl3 diffusion by dipping 
the samples in 5% HF at room temperature until the wafer is hydrophobic.  
 
3.1.4 Diffusion process 
Solar cell‟s operation depends on its p-n junction. For the starting p-type wafers, 
an n-type emitter is needed. The formation of the emitter can be performed in 
several different ways, such as by diffusion from a phosphorous containing 
dopant source coated on silicon surface into silicon via belt furnace or laser 
doping, POCl3 diffusion in tube furnace, laser chemical processing and ion 
implantation. POCl3 diffusion in tube furnace (Tempress TS 81004) for emitter 
formation was used for the solar cell fabrication in this thesis work. Before the 
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thermal diffusion, the wafer surfaces were cleaned by a wet chemical processes 
as shown in the process sequence (Fig. 3.1). The diffusion of phosphorous 
atoms into the silicon is performed in the tube furnace at a temperature of 810 C 
for 30 mins as the first diffusion step. It is well-established that POCl3 diffusion is 
suitable for uniform and homogeneous emitter formation, but a heavily doped 
emitter usually contains a surface dead layer. This dead layer contains a large 
amount of electrically inactive phosphorous atoms which degrades the solar 
cell‟s performance in the short wavelength region and thus results in a poor blue 
response [97]. Therefore, a second “drive-in” process was necessary to reduce 
the amount of such inactive phosphorous atoms: the temperature of the tube 
furnace further increased to 835 C while the supply of POCl3 gas is cut off. The 
drive-in process took approximately 20 mins and it was aimed at electrically 
activating the phosphorous atoms in the dead layer. The PSG removal process 
was applied right after this two-step diffusion process.  
The diffusion process can be characterized by various measurement 
techniques. The emitter sheet resistance can be measured by four point probe 
measurement technique. The doping profile of the emitter can be measured by 
secondary ion mass spectroscopy (SIMS) or electrochemical capacitance-
voltage (ECV). The average sheet resistance of the emitter used in this work was 
70 /. The n+ emitter doping profile typically had a peak dopant concentration 
of 4x1020 cm-3 at the surface and a junction depth of 0.3 -0.5 m. 
 
3.1.5 Dielectric coating 
Prior to the deposition of the SiNx antireflection coating, the samples receive a 
standard RCA cleaning followed by an HF dip to ensure a clean and hydrogen 
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terminated surface. All the PECVD layers used in this work were deposited in an 
industrial inline reactor (SiNA-XS, Roth & Rau).  
The PECVD SiNx layer deposited on the front surface of the solar cell acts as 
both surface and bulk passivation layer and anti-reflection coating (ARC). Silane 
(SiH4) and ammonia (NH3) were used as the precursor gases. The chamber 
temperature, deposition pressure, and plasma power were set at 450 °C, 0.20 
mbar, and 2500 W, respectively. The SiNx had a refractive index of ~2.0, which is 
close to the optimal value for anti-reflection conditions for silicon wafer solar cell 






                                                               (3-6) 
where d is the optimal thickness of the SiNx,  the wavelength, n the refractive 
index of SINx. Hence, the optimal thickness of the SiNx in order to have minimum 
reflection at 600 nm is 75 nm.  
PECVD AlOx/ SiNx dielectric stack was deposited on the rear side of the solar 
cell. Since AlOx provides excellent passivation quality on p-type substrate, it is 
used as the passivation layer on the rear side of the solar cell. Argon, nitrous 
oxide (N2O) and tri-methylaluminium [TMA, Al(CH3)3] were used as the process 
gases for the AlOx deposition. The heater temperature, chamber pressure and 
plasma power are set at 350 C, 0.15 mbar and 1500 W, respectively. The 
thickness of the AlOx layer is 40 nm. SINx capping layer with thickness 100 nm 
was deposited on top of the AlOx layer to improve the thermal stability and to 
improve the optical performance of the stack. 
 
3.1.6 Metallization and co-firing 
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After the laser processing with or without a post-laser treatment, all the 
samples were screen printed with Ag as the front metal contact and Al as rear 
metal contact. On the front surface of the solar cell, the screen printed Ag metal 
grid has an H-pattern design. The whole rear surface of the solar cell was 
covered by screen printed Al paste.  The thickness of the Al paste was 20 m. 
After the metallization process, the samples were annealed in an industrial 
fast-firing furnace (Ultraflex, Despatch). This is also referred to as the co-firing 
process. In this process, the additives in the Ag paste etch through the SINx ARC 
forming contact with the n+ emitter at the front side of the solar cell while the Al 
alloys with silicon forming contact at the rear of the solar cell. The passivation of 
AlOx layer at the rear side of the solar cell was also activated under the high 
temperature during co-firing. The peak temperature of the firing process was 
usually in the range of 750 to 800 C. 
 
3.2 Sample and device characterization 
For characterization of laser processing and the performance of the solar cell, 
several techniques were employed. The most frequently used techniques will be 
discussed in this section. 
 
3.2.1 Optical and scanning electron microscopy 
The optical microscopy measurements were performed on different 
microscopes (STM6, Olympus and Eclipse, Nikon). The images were captured 
by a digital camera. The magnification of the objective lenses varied from 10 to 
100 times magnification. Most of the images were taken at 50 and 100 times 
magnification. The optical microscope was found to be the best tool for a quick 
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and preliminary assessment of the sample, e.g. allowed measurement of the 
dimensions of large surface structures and changes. 
Scanning electron microscopy (Auriga, Carl Zeiss) was used for more detail 
study of the samples. Under the secondary electron mode, the detector collects 
secondary electrons which interact with the sample atoms by inelastic scattering. 
It reveals the surface information of the samples, such as surface morphology, 
dimensions and shapes of surface microstructures, laser ablated feature, such 
damage dielectric films (Chapter 4) or missing pyramids (Chapter 5) etc. Under 
the back-scattered electron mode, the detector collects back-scattered electrons 
which interact with sample atoms by elastic scattering. The interactions are 
strongly dependent on the atomic weight of the element. The larger the atomic 
weight, the strong the interaction and hence higher brightness in the image. 
Therefore, the back-scattered electron imaging was used to distinguish the areas 
with different chemical compositions, for example laser induced spallated area 
(Chapter 5) and back surface field regions (Chapter 7). 
 
3.2.2 Luminescence imaging 
A few luminescence imaging based techniques were used in this thesis work, 
such as photoluminescence, electroluminescence and series resistance imaging. 
In luminescence imaging of silicon-based samples or solar cells, the silicon is 
excited with an external source. Luminescence is caused by the radiative 
recombination of excited charge carriers. The emitted luminescence is captured 
by charge-coupled device (CCD) cameras and the image of the luminescence 
emission is generated. Photoluminescence (PL) imaging was more frequently 
used for the work presented in this thesis, as it does not require the presence of 
metal contacts and thus can applied in every step of solar cell fabrication. In 
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addition, the PL intensity can directly be linked to the minority carrier lifetime. 
Therefore, PL imaging is ideally suited to characterize laser induced damage, 
which causes the degradation of the minority carrier lifetime. 
Unlike photoluminescence imaging, electroluminescence imaging requires 
electrical contacts on the sample and hence it was only used for the 
characterization of fully processed solar cells (Chapter 7). PL-based series 
resistance imaging was also used to characterize the completed solar cells. The 
series resistance image is derived from a sequence of PL and EL images, as 
described by Kampwerth et al.  [99]. All of these luminescence imaging 
techniques were integrated into the BT Imaging LIS-R1 system used in this 
thesis work. 
 
3.2.3 Energy-dispersive X-ray spectroscopy 
Energy-dispersive X-ray spectroscopy (EDX) is a technique used to analyze 
the chemical composition of a sample. The EDX system was integrated into a 
SEM system. A high-energy electron beam is focused on the sample. The 
bombardment of the electrons on the sample surface stimulates the emission of 
characteristic X-rays. Elements can be easily identified by the peak positions in 
the X-ray spectrum. EDX was used to characterize laser induced oxidation 
(Chapter 6). 
 
3.2.4 Solar cell I-V characteristics 
A one-Sun I-V tester (SolSim-210, Aescusoft) with a super-class-A solar 
simulator (WXS-220S-L2, Wacom) was used to measure solar cell I-V 
characteristics in this thesis. The solar cells were measured under standard test 
conditions: (a) air mass 1.5 spectrum (AM1.5), (b) light intensity of 100 mW/cm2, 
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(c) 25°C cell temperature. One example of a measured one-Sun I-V curve is 
shown in Fig. 3.6. From the one-Sun I-V curve, the standard one-Sun solar cell 
parameters can be determined, such as open-circuit voltage Voc, short-circuit 
current density Jsc, fill factor FF, efficiency Eff, maximum power point voltage Vmpp 
and maximum power point current density Jmpp. 
 
Figure 3.6: One-Sun current density-voltage and power-voltage curves of a LBSF 
solar cell. Solar cell parameters such as Voc, Jsc, Jmp, Vmp and Pmax can be directly 
obtained from the curves. 
 
3.2.4.1 Solar Cell Efficiency 
The solar cell efficiency is the most important parameter to compare the 
performances of different solar cells. The solar cell efficiency (Eff) is simply 
defined as the maximum output power divided by input power. The input power is 
the incident solar power. Since the intensity of the incident light is 100 mW/cm2 
under standard testing condition, the input power Pin is 23.7 W for a 6 inch wide 
pseudo square solar cell with an area of 237 cm2. The maximum output power 
Pmax is defined as, 
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max ,sc ocP I V FF                                               (3-7) 
where Isc is the short-circuit current, Voc the open-circuit voltage and FF the fill 






                                              (3-8) 
 
3.2.4.2 Short-circuit current 
The short-circuit current is strongly affected by optical losses and 
recombination losses in the solar cell. Optical losses include the reflection of light 
on the surface of front metal grids or active area and the escape of light 
(especially at long wavelength) due to insufficient light trapping. The 
recombination losses include surface, bulk and emitter recombination. Instead of 
short-circuit current, it is more common to present the short-circuit current density 
JSC because it is better to compare solar cells with different surface areas. The 
JSC can be determined from the intercept at the y-axis of the current density-
voltage curve (as shown in Fig. 3.6) where the voltage is zero (short circuit 
condition).This thesis will show that the Al-LBSF solar cells have improved JSC 
compared to conventional BSF solar cells due to better light trapping and lower 
surface recombination by applying the rear dielectric coating. 
 
3.2.4.3 Open-circuit voltage 
Open-circuit voltage can be obtained from the one diode model by setting the 









                                                 (3-9) 
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where n is the ideality factor, k the Boltzmann Constant, T the temperature, q the 
electrical charge of electron, IL the light generated current and I0 the dark 
saturation current. For an ideal solar cell, n is equal to 1 and IL is equal to Isc. 
Hence, the open-circuit voltage is strongly dependent on the dark saturation 
current, which is strongly affected by the recombination in the solar cell. The 
open-circuit voltage is experimentally determined by the intercept at the x-axis of 
the current density-voltage curve (as shown in Fig. 3.6), where the current is zero 
(open circuit condition). Reduced rear surface recombination in the LBSF solar 
cells leads to an increase in the open-circuit voltage. 
 
3.2.4.4 Fill factor 










                                            (3-10) 
where Jmp and Vmp are the current density and voltage at the maximum output 
power point respectively. The maximum output power point can be found from 
the power-voltage curve where the power is maximal. The x- and y-coordinates 
at this point are the Vmp and Pmax, respectively. Jmp can be found from the point at 
the current density-voltage curve, where the voltage is at Vmp as shown in Fig. 
3.6. Generally, the FF is mainly affected by parasitic resistive losses (series 
resistance and shunt resistance) in the solar cell, and by the second diode in the 
two-diode model [100]. For Al-LBSF solar cells, the difference in FF is mainly 
attributed to the difference in the resistive loss at the localized contact where the 
pattern of the metal contact and the contact formation mechanism compared to 




Chapter 4. Laser Ablation of Dielectric Films for Al-
LBSF Solar Cells 
A laser is employed for the local removal of dielectric films from silicon in the Al 
local back surface field (LBSF) solar cell fabrication process. The impact from the 
laser patterning of the dielectric films on the solar cell’s performance should be 
minimal. In other words, the laser induced damage should be minimized. In this 
chapter, laser ablation of dielectric films is investigated using two different lasers: 
ns- and ps-lasers. The dielectric ablation characteristics of these two types of 
lasers will be investigated and compared at various laser processing parameters. 
 
4.1 Improving solar cell efficiency by the Al-LBSF 
structure and laser dielectric ablation 
As discussed in Chapters 1 and 2, the Al-LBSF solar cell will probably be the 
next generation high-efficiency industrial silicon wafer solar cell, as it enables a 
cost-effective increase in device efficiency by relatively modest changes to the 
solar cell production sequence. It features reduced rear surface recombination 
losses by dielectric passivation while the contact openings are locally diffused. In 
addition, the dielectric/metal structure at the rear significantly increases internal 
reflection for near-bandgap photons at the rear of the solar cell. The 
improvement in the performance of Al-LBSF solar cells can easily be seen from 





Figure 4.1: IQE and reflection in the 300-1200 nm wavelength range of typical Al-
BSF and SiO2/SiNx or Al2O3/SiNx passivated Al-LBSF solar cells [101]. 
 
Comparing the IQE curves of the conventional aluminum back surface field 
(BSF) solar cell with the LBSF solar cell in Fig. 4.1, a significantly improved IQE 
is observed in the long wavelength region around 1000 nm to 1200 nm. A typical 
BSF silicon wafer solar cell, with aluminum as the rear reflector, has an internal 
reflectance of 65%. The combination of a dielectric coating and aluminum is a 
much better rear reflector with reflectance values up to 95%. A high reflection at 
the solar cell rear surface allows the light to be bounced back into the cell for 
additional photocurrent generation. Since the thickness of the solar cell is 
currently about 160 m, a significant fraction of the near bandgap light reaches 
the rear of the solar cell and this fraction further increases when the solar cell 
thickness is further reduced.   
This dielectric layer, however, needs to be locally opened for the subsequent 
metallization process. There are many ways to locally open a dielectric layer, 
such as lithography, mechanical scribing, inkjet printing or screen printing with 
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etching paste and laser ablation. Among these methods, laser ablation has the 
highest potential for low-cost mass production due to the intrinsic advantages of 
laser processing, such as high throughput, high precision, low operating cost and 
no physical contact. 
 
4.2 Laser ablation of dielectric film by an ns laser 
In order to understand laser ablation, it is important to relate the ablation 
characteristics to the absorption properties of the materials as well as the laser 
parameters. We investigate the laser ablation of dielectric films by two different 
lasers: a short pulse laser with pulse duration in the ns regime and an ultrashort 
pulse laser with pulse duration in the ps regime. In this section, we focus on the 
investigation of dielectric ablation by an ns laser. 
Since the laser pulse duration p is much longer than the lattice heating time l 
(in the order of ps for silicon) and the electron relaxation time e (1 ps), the 
electron and lattice temperatures are equal during the laser pulse, i.e. the system 
is in thermal equilibrium. In this case, the heat transfer in the system can be 
described by the simple heat equation (2-21). Long and short pulse laser heating 
of materials has been studied in detail experimentally and theoretically [40, 47, 
102, 103]. Since the pulse duration is much longer than the phonon relaxation 
time, the absorbed laser energy is instantaneously transformed into heat, which 
increases the surface temperature. The materials‟ physical properties, such as 
the absorption coefficient, heat capacity and thermal conductivity, are typically 
temperature dependent. The temperature may increase to the melting point and 
then further to the boiling point or directly to the boiling point without surface 
melting. Phase transitions must be considered when the surface temperature 
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reaches the melting or boiling point. Latent heat of melting or vaporization needs 
to be considered in the heat equations when melting or vaporization is involved. 
In the case of ns laser ablation of dielectric materials from silicon substrate, the 
ablation mechanism is not straightforward. The most commonly used dielectric 
materials for silicon solar cell applications are silicon oxide, silicon nitride and 
aluminum oxide [104-106] due to their excellent passivation qualities on p-type 
and/or n-type silicon. Generally speaking, these dielectric materials have wide 
energy bandgaps as shown in Table 4.1. The wide energy bandgap makes them 
transparent for photons with energy below the bandgap because the photon 
energy is insufficient to excite electrons across the bandgap. Lasers with 
wavelengths from ultra-violet to near infra-red have been studied for the laser 
ablation of dielectric films (e.g. excimer UV laser and solid state 
Nd:YAG/Nd:YVO4 laser and Ti:sapphire laser etc). The most popular lasers are 
solid state Nd:YAG/Nd:YVO4 lasers either used at its fundamental (1064 nm), 
second (532 nm) or third (355 nm) harmonic wavelength. These wavelengths 
correspond to photon energies in the range of 1.2 – 3.5 eV. These photon 
energies are significantly below the bandgap of the commonly used dielectric 
materials. Since the dielectric films are transparent to the photons of the laser 
beam while the silicon substrate has a relatively low indirect bandgap of 1.12 eV, 
the photons penetrate through the dielectric films and interact with the substrate. 
Therefore, in the ns-laser ablation of dielectric film, the laser-material interaction 
relies mainly on the linear absorption of the photons in the silicon substrate. The 
absorption of the photons heats up the substrate, causing the substrate to heat 
up, melt and even vaporize. This induces a high pressure underneath the 
dielectric film, which “lifts up” the overlying dielectric layer [38]. Ablation under 
this configuration is called “confined ablation”, which will be discussed in detail in 
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Chapter 5. The pressure induced under the confined ablation is much higher than 
the stress induced by the direct ablation.  
 
Table 4.1: Common dielectric materials used in PV applications and their 
bandgap energies [39, 59].  
Materials Silicon oxide Silicon nitride Aluminum oxide 




Besides phonon-assisted absorption, free carrier absorption is another possible 
absorption mechanism. The free carrier absorption can be characterized by the 
Drude equation [107]: 
, , 2 , ,e h e h e hfck N                                                             (4-5) 
where kfc is a constant dependent on the free carrier effective mass and mobility, 
 the wavelength, and N the free carrier density. The superscripts e and h 
represent electron and hole. The free carrier absorption requires a high density of 
electrons N in the conduction band. Free carrier absorption starts to dominate 
when the materials‟ temperature is sufficiently high to thermally excite a large 
number of electrons. This can e.g. be observed from the temperature dependent 
absorption coefficient of silicon shown in Fig. 4.2. For a wavelength of 1064 nm, 
the absorption coefficient increases almost three orders of magnitude when the 
materials‟ temperature increases from room temperature to the temperature near 
to its melting point (1685 K) [9]. In addition, free carrier absorption increases 
proportionally with 2, which indicates that the effect is more pronounced at 
longer wavelengths. This was e.g. exploited by J. Thorstensen et al. who used a 
long wavelength CO2 laser at a wavelength of 9.3 m and pulse duration of 100 
ns to induce free carrier absorption in the dielectric film in order to avoid surface 
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melting of silicon [108]. Their attempt did not succeed due to long laser pulse 
duration used which also caused significant heating of the silicon. 
 
Figure 4.2: Temperature dependent absorption coefficient of silicon at the 
incident laser wavelengths of 355 nm, 532 nm and 1064nm. [34] 
 
Laser ablation of dielectric films was carried out with an ns laser (ROFIN 
PowerLine E 25) at a pulse duration of ~40 ns and a wavelength of 532 nm. Test 
samples were fabricated on 156×156 mm2 pseudosquare p-type Cz mono-Si 
wafers with a bulk resistivity of 1-3 Ωcm. The full process sequence is shown in 
Fig. 4.3. A KOH solution was used to remove the saw damage from the raw 
wafers. After a standard wet-chemical clean („Radio Corporation of America 
(RCA) clean‟) with a final HF dip, the wafers were dried and a dielectric stack 
consisting of aluminum oxide (AlOx) and silicon nitride (SiNx) was deposited by 
plasma-enhanced chemical vapor deposition (PECVD) on both sides of the 
samples. The thickness of the AlOx film was about 40 nm, while the thickness of 
the SiNx film was about 100 nm. These symmetrically coated test samples were 
used for the subsequent laser ablation. The test samples were laser ablated at 
focus position by different combinations of laser pulse overlap and laser fluence. 
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A pattern of 25 boxes was fabricated on each test sample by laser ablation (Fig. 
4.4). Each box was ablated with a specific combination of pulse overlap and laser 
fluence. The laser pulse overlap was varied from 0%, resulting in a dotted pattern, 
up to 60% resulting in a line pattern. The full process and characterisation flow of 
the test sample is shown in Fig. 4.3. After laser processing, the samples were 
etched in HF solution to remove the dielectric layers followed by the standard 
RCA cleaning with a final HF dip. After re-passivation with a PECVD silicon 









Figure 4.4: Test structure pattern of laser ablated boxes. The test structure is 
prepared for PL intensity imaging. The boxes in the black, green and red circles 
were ablated with low, medium and high laser fluences respectively. 
 
4.2.1 Optical microscope and SEM imaging 
Figure 4.5 shows the ablation characteristics observed by an optical 
microscope for the samples whereby the dielectric was ablated by an ns laser. 
Each point in the graph represents a combination of different laser fluences and 
laser pulse overlap ratios. For the ns laser dielectric ablation, the ablation 
process starts when the laser fluence exceeds 5 J/cm2. This is also known as 
the ablation threshold fluence. The colour of the points indicates the ablation 
characteristics resulted from their sets of laser parameters: black means no 
ablation, blue means partial ablation, green means full ablation and red means 
ablation with significant surface melting. The definition of these ablation 




Figure 4.5: Overview of the obtained laser ablation results as functions of laser 
fluence and pulse overlap ratio for ns laser pulses. Four types of result (no 
ablation, partial ablation, full ablation, ablation with melting) were obtained from 
optical microscope images. 
 
Due to the Gaussian distribution of the laser intensity, the laser intensity is the 
highest at the centre of the laser beam. The spatial distribution of the laser 
intensity is expressed as, 
2 2 2 2 2 22( )/ 2( )/
0 2
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where P is the power of each laser pulse,  the laser spot radius, x and y the 
coordinate positions. The spatial distribution of the laser fluence is expressed as, 
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which is obtained from the relationship between the laser pulse energy Ep and 
the laser fluence [61], 
( , ) .pE x y dxdy
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4.2.1(a) Laser ablation at a low laser fluence 
When the maximal laser fluence 0 is below the ablation threshold fluence th, 
the fluence is not high enough to cause significant material removal and thus 
there is no detectable modification of surface composition or structure. Figure 4.6 
shows the simulation result when an ns laser pulse at a laser fluence of 3.0 J/cm2 
is applied. Although this fluence is below the threshold fluence, the surface 
temperature can reach the boiling point of the silicon at a very short period of 
time within the laser pulse duration. Significant surface melting for a duration of 
300 ns is observed. The effects of latent heat of fusing and vaporization are 
clearly apparent in Fig. 4.6. However, the thermal induced pressure at this 
fluence is insufficiently high to cause the lift-off of the overlying dielectric films.  
 
Figure 4.6: Simulated surface temperature vs. time at a laser fluence of 3.0 J/cm2 






Figure 4.7: Laser ablation of dielectric film by an ns laser at a low laser fluence. 
 
 
Figure 4.8: SEM image of laser ablated area at a laser fluence of 5.4 J/cm2 which 
is just above the ablation threshold  
 
When the maximal laser fluence reaches the ablation threshold, the ablation 
starts firstly at the centre of the laser irradiated area. Due to the Gaussian 
intensity distribution, the laser intensity at the outer area of the laser irradiated 
spot is slightly lower than the intensity at the centre so that the fluence at the 
outer area is still below the ablation threshold. The laser ablated area is defined 
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as the area where the dielectric film is completely removed and the outer area is 
defined as the total laser irradiated area except the laser ablated area as shown 
in Fig. 4.7. However, the laser induced heating and thermal stress at this outer 
area still affects the dielectric film, resulting in the delamination of the dielectric 
film and the formation of the pin-holes at the edges of the ablated area as shown 
in Fig. 4.8. The delamination of the dielectric film is illustrated in Fig. 4.8. Such 
partially ablated area has a feature size that is much smaller than the fully 
ablated area as shown in Figs. 4.9 (d) and (e). The diameter of the partially 
ablated area is 9 m while the diameter of the fully ablated area is 25 m. The 
shape of the ablated spot is not a perfect circle due to the textured surface, which 
scatters the incident laser beam and the non-perfect beam quality. The shapes of 
the ablated spots are not consistent for low laser fluences. It indicates that the 
effect of scattering of the laser beam by the random pyramids is more prominent 
at this range of laser fluence. 
 
Figure 4.9: Optical microscope images (a-c) and SEM images (d-f) of ns laser 
ablated spots; with (a, d) low, (b, e) medium, and (c, f) high laser fluence. 
 
A surface morphology change is also observed from the SEM image. The 
random pyramid structure tends to be blunted at the laser abated area even at 
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low laser fluences. It implies melting of the underlying silicon and the 
redistribution of the molten silicon before the ablation of the dielectric films taking 
place. This is consistent with the “lift-off” ablation mechanism reported in the 
literature. 
From the observation of the ablation characteristics at a low fluence, such 
ablation is not suitable for industrial application due to the following reasons: (1) 
low throughput due to longer processing time at such small feature sizes; (2) 
difficult for patterning that requires the overlapping the laser pulses when the 
shape of the ablated spots are irregular and inconsistent; and (3) delamination of 
the dielectric film indicates the deterioration of the quality of the dielectric film 
which is undesirable for high efficiency solar cells. 
 
4.2.1(b) Laser ablation at a medium laser fluence 
Figures 4.9 (b) and (e) show the ablation characteristics of ns laser ablation at 
a medium laser fluence. The shapes of the laser ablated spots are more 
consistent. Much less delamination of the dielectric film is observed in the optical 
microscope and SEM images taken from these samples. The outer area under 
the medium fluence condition is much smaller compared with the outer area 
under a low fluence because most of the dielectric films within the laser 
irradiation are completely removed as shown in Fig. 4.10. The reduction of the 
delaminated area is potentially beneficial for the solar cells. Full ablation of the 
laser irradiated area can be achieved at a medium laser fluence. The shape of 
the area ablated at a medium laser fluence is more regular and consistent 
compared to the area ablated at a low laser fluence. Thus, overlapping the laser 
pulses is much easier in this laser fluence range. The diameter of the completely 
ablated area is 20-30 m. At this feature size, the laser processing time for a 6 
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inch wide wafer is less than two seconds for a 10% metal fraction using a high 
repetition rate of a few hundred kilohertz. 10% metal fraction means 10% of the 
total area of the dielectric films at the rear side of the wafer will be laser ablated 
for Al-Si contact. Such a short processing time enables high throughput of 2000 
wafers/hour, which is attractive for industrial applications. Therefore, the ablation 




Figure 4.10: Laser ablation of dielectric films at medium/high fluence. 
 
4.2.1(c) Laser ablation at a high laser fluence 
Severe surface melting was observed when ablating the dielectric film at a high 
laser fluence that was approximately a factor of two above the ablation threshold. 
Huge amount of heat is induced during the laser interaction with silicon, creating 
a large pool of molten silicon under the dielectric films. The molten silicon 
redistributes and rearranges the lattice according to the gravity and surface 
tension. Significant amount of silicon is removed by vaporization. The molten 
silicon cools down and re-solidifies, resulting in a much smooth surface. The 
surface reflection is drastically increased as can be seen from Figs. 4.9 (c) and 
72 
 
(f). A high laser fluence needs to be avoided because it potentially creates much 
more thermal induced defects, which adversely affect the solar cell‟s 
performance. During surface melting, heat is transported out of the ablated area, 
resulting in a heat-affected zone (HAZ) which can be clearly seen from Fig. 4.9 
(f).   
 
4.2.2 Photoluminescence intensity imaging 
In addition to defects that can be detected by optical or electron microscopes, 
there can be more laser induced damage to the underlying silicon which can 
potentially affect the solar cell‟s performance. In this study, photoluminescence 
(PL) imaging was used to study the laser induced impact to the underlying silicon. 
PL allows us to get spatially resolved information of the electronic quality of a 
sample. On the silicon wafers coated with a dielectric film, a pattern consisting of 
25 boxes was fabricated by the laser ablation of dielectric thin films. Each box 
was ablated using different combinations of laser fluence and pulse overlap ratio, 
as shown in Fig. 4.4. From the study by optical and SEM microscopes, we know 
that the laser parameters used to ablate the 5 boxes at the first column (boxes in 
the black circle) will only partially ablate the dielectric film. The laser parameters 
used to ablate the 5 boxes at the last column (boxes in the red circle) will cause 
severe surface melting. These two columns of boxes will be used as comparison 
and the middle three columns of boxes will be of interest because they had the 
best ablation characteristics observed from optical microscope and SEM. 
Subsequently, a half of the laser processed test samples underwent a post-laser 
etching step to remove the laser induced damage and the details of the results 
associated with post laser etching will be presented in Chapter 6. All of these 
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silicon wafers were then cleaned and coated on each side with a silicon nitride 
film that provided a high level of surface passivation. 
The PL intensity image taken after re-passivation is shown in Fig. 4.11(a) for 
the ns laser processed test samples. The images show distinct low and high 
intensity areas. Low-intensity areas in the PL image indicate a poor electronic 
quality, while high intensity indicates a high electronic quality. The poor electronic 
quality in this case can be attributed to laser induced bulk defects, as the whole 
wafer has a uniform surface passivation on both the front and rear surfaces. The 
PL intensity is related to the excess carrier concentration by [109], 
2( ) ,PL AI n CN n C n                                          (4-10) 
where C is a calibration constant, NA the bulk doping concentration, and n the 
excess carrier concentration. IPL scales linearly with the effective carrier lifetime 
eff under steady-state illumination and low-level injection conditions [110]. eff is 
determined by recombination in the bulk and at both surfaces. It can, in the first 








                                            (4-11) 
where bulk is the bulk minority carrier lifetime, Sfront and Sback the surface 
recombination velocities at the front and rear surfaces, and W the thickness of 
the substrate. Since the samples were re-passivated by silicon nitride which 
provides a high level of surface passivation [111], the effective carrier lifetime of 
the sample is mainly determined by the bulk lifetime in this case. Hence IPL can 
be used to study the laser induced damage to the silicon substrate. 
The average PL intensity was extracted and shown in Fig. 4.11(b). Some laser 
parameters (high laser fluence or high laser pulse overlap ratio) lead to a high 
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degree of laser induced damage, which negatively affects the solar cell 
performance. At high laser fluences, more defects are generated during the laser 
ablation due to increased thermal excitation. At a high laser pulse overlap, some 
laser processed areas were treated more than once. The first laser pulse already 
generated defects (or „incubation centers‟) in silicon and dielectric films. In 
addition, the first laser pulse increased the temperature in the absorber materials. 
The generation of incubation centers and the rise in temperature of the absorber 
materials enhanced the absorption of subsequent laser pulses, leading to an 
increased defect generation. Most of the defects can be electrically active. The 
electrically active defects are also known as charge carrier recombination centers, 
which decrease the charge carrier lifetime and hence lower the PL intensity. The 
effect of laser pulse overlap on the ablation characteristics and the amount of 
laser induced defects is not strong as shown in Figs. 4.5 and 4.11(b). This could 
be due to the melting of the silicon substrate, which significantly increases the 
reflection of the subsequent overlapping pulses leading to a much lower 
absorption of the pulses at the overlapped area. Hence, a wide range of laser 
pulse overlap can be chosen for ns laser processing. By carefully choosing 






Figure 4.11: (a) PL intensity image taken after SiN re-passivation, (b) PL intensity 
vs laser fluence and the PL intensities are extracted from the PL intensity image. 
25 boxes were opened with different ns laser parameters. Rows 1-5 correspond 
to 0, 10, 20, 40 and 60% pulse overlap, respectively, while columns 1-5 
correspond to the laser fluence of 5.43, 7.21, 7.55, 8.42 and 8.83 J/cm2, 
respectively. 
 
4.3 Laser ablation of dielectric film by a ps laser 
The ablation of dielectric films by a ps laser is different from the ablation by a 
ns laser. The HAZ in the ns laser ablation is usually significant, while the HAZ in 
the ps laser ablation can be significantly smaller. The extent of the HAZ depends 
both on the laser parameters (laser pulse duration, wavelength, and laser fluence 
etc.) and the material‟s properties (thermal conductivity). The width of the HAZ is 
often estimated by the heat penetration depth: 
2 ,T pl D                                                        (4-12) 
where D is the heat diffusivity, p the laser pulse duration. The heat diffusivity of 
silicon is 0.88 cm2/s [112]. The estimated heat penetration depth of the ns laser 
pulse at p 40 ns is 3.8 m, while the corresponding value of the ps laser pulse 
at p 10 ps is only 0.06 m. This is just a rough estimation. For a more accurate 
estimation, the temperature dependence of the heat diffusivity and light 
absorption also needs to be considered. However, this rough estimation is 
76 
 
sufficient to understand the difference between the thermal effects when using ns 
or ps lasers. 
 
4.3.1 Optical microscope and SEM imaging 
Similar to the ns laser ablation, the ablation characteristics of the ps laser 
ablation are strongly dependent on laser fluence as shown in Fig. 4.12. As the 
laser fluence increases, the ablation characteristics changes from no ablation to 
partial ablation, then to full ablation, and finally to ablation with melting. The 
definition of partial ablation is that significant surface modifications to the 
dielectric films induced by the laser irradiation can be observed but the dielectric 
films are not removed or detached completely. In the ns laser ablation of 
dielectric films, partial ablation is referred to the delamination of the dielectric film 
and the formation of pinholes. In the ps laser ablation of dielectric films, partial 
ablation is slightly different which will be discussed in Section 4.4.1(a). Full 
ablation is defined as the moment when the dielectric film within the laser 
affected area is completely removed with only a negligible partially ablated area. 
The fully ablated area should appear grey under the optical microscope. Ablation 
with surface melting can be determined by: (1) sharply increased surface 
reflection at the melted area which appears silver white under the optical 





Figure 4.12: Overview of the obtained laser ablation results as a function of laser 
fluence and pulse overlap ratio, for ns laser. The four types of result (no ablation, 
partial ablation, full ablation, and ablation with melting) were obtained from 
optical microscope images. 
 
4.3.1(a) Laser ablation at a low laser fluence 
Similar as in the case of ns laser ablation of dielectric films, ablation threshold 
fluence exists for ps laser ablation. Below this laser fluence, there is no 
detectable surface modification after the ps laser irradiation. The ablation 
threshold for the ps laser on the 140 nm thick AlOx/SiNx dielectric stack was 
found to be 1.0 J/cm2, which is comparable values reported in the literature 
[113]. 
When the laser fluence reaches the ablation threshold, surface modification at 
the laser irradiated area could easily be observed from the optical microscope 
images [see Fig. 4.13(a)]. At the threshold fluence, the ablated dielectric films 
were not fully ablated because the colour of the ablated areas was not 
completely grey but tended to be brown, indicating that the bare silicon was not 
yet exposed. According to the “colour chart” of silicon nitride films summarised in 
Table 4.2, a brown colour corresponds to a silicon nitride film with a thickness of 
50 nm. Since AlOx/SiNx stack coated sample is used in the laser ablation 
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experiment, the 40 nm thick AlOx needs to be considered as well for the 
estimation of actual thickness of the SiNx layer and for this reason the optical 
simulation program OPAL2 developed by PV lighthouse was used [114]. By 
using OPAL2, the reflection spectrum of a dielectric coated silicon wafer can be 
simulated. It was first used to simulate the reflection spectrum of 50 nm SiNx 
coated silicon wafer. Then the reflection spectrum of AlOx/SiNx stack coated 
silicon with AlOx thickness of 40 nm was simulated. The thickness of the SiNx film 
from the AlOx/SiNx stack was varied to match the reflection spectrum to that of 
the 50 nm SiNx coated silicon wafer. It was found that the thickness of the SiNx 
film in the stack was most likely 10-20 nm. The implications of this result are: 1. 
the silicon nitride at the top of the dielectric stack is only partially ablated; 2. the 
ablation occurs at the silicon nitride film surface. Clearly, the “lift-off” of the 
dielectric films is not the only ablation mechanism in the ps laser ablation of 
dielectric films. Direct ablation from the surface of the dielectric films starts to 
play an important role in the ps laser ablation of dielectric films. For ultra-short 
pulse lasers, the absorption mechanism does not only rely on the linear 
absorption of the photons [62]. Non-linear absorption effect, such as two-photon 
or multi-photon absorption, starts to play a more important role in the ultra-short 
laser pulse ablation of dielectric films due to the extremely high laser intensity. As 
discussed in Chapter 2 that, three-photon absorption is unlikely to occur while 
two-photon absorption can be significant only in silicon nitride when the laser 
wavelength is in visible spectrum range [62]. The intense laser pulse generates 
electron-hole pairs via the two-photon absorption. The free electrons generated 
in the conduction band linearly absorb the laser radiation by intra-band 
transitions within the conduction band which may lead to impact ionization. Two-
photon processes increase the absorption coefficient , and thereby decrease 
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the threshold fluence, Fth ∝ 
−1 [42]. Comparing with the results presented for ns 
laser ablation in Section 4.3, the ablation threshold with respect to the same 
dielectric films by the ps laser is 1 J/cm2, which is much lower than the ablation 
threshold of 5 J/cm2 for the ns laser. This influence becomes more pronounced 
with decreasing pulse duration.  
Since the pulse duration of the ps laser used in this work was 10 ps, which is 
longer than the energy transfer time from electrons to the lattice for silicon, this 
time scale is sufficient for the coupling between the excited electrons and the 
lattice. The rapid thermalization of the electron subsystems and the coupling with 
the lattice will lead to the heating of the lattice. Hence, the thermal effect in the ps 
laser ablation is still inevitable, unless laser pulses with a much shorter duration 
(in fs range) are used. 
Considering all the effects discussed above, the ablation mechanism in the ps 
laser ablation of the dielectric films consists of two main parts: some of the 
photons are directly absorbed in silicon nitride via two-photon absorption, which 
leads to direct ablation. The other photons are absorbed in the underlying silicon, 
causing “lift-off” of thinned dielectric films. Similar observations were presented 
by Heinrich et al. [38] and was referred to as “partial lift-off”. 
As the laser fluence increases slightly, the laser intensity at the centre of the 
laser irradiated spot is high enough for the complete ablation of the dielectric 
films but the intensity at the area away from the centre is still insufficient for the 
complete ablation. This results in a ring shape of the partially ablated area 
outside the fully ablated area as shown in Fig. 4.14. The optical microscope 





Figure 4.13: Optical microscope images of the ps laser ablation at laser fluences 
(a) near ablation threshold; and (b) slightly higher than ablation threshold. 
 
Table 4.2: Silicon nitride color chart at the thickness from 37.5 to 113 nm. 


















Figure 4.14: Illustration of the ps laser ablated area at a low laser fluence. 
 
4.3.1(b) Laser ablation at a medium laser fluence 
Unlike in the case of ns laser ablation, regular patterns or rippled structures as 
shown in Fig. 4.15 were observed for the ps laser ablation. Similar observations 
were presented by many research groups [70, 72, 115]. Knorz et al. attributed 
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the formation of these ripple structures to the interference of the laser beam 
which was initially reflected from the opposing slopes of the adjacent pyramids as 
illustrated in Fig. 4.16 [39]. The distance between the two adjacent ripples is 
0.53 m, which matches the laser wavelength. This proves that the rippled 
structures were caused by the constructive interference of the laser beam. 
For the ps laser ablation with separated pulses (i.e. 0% pulse overlap), even 
when the laser fluence is increased to 2.4 J/cm2, which is more than the twice of 
the ablation threshold, there are still tiny partly ablated regions in the laser 
irradiated area observed from the optical microscope images. However, the 
ablation in this fluence range (1.4 to 2.4 J/cm2) with overlapping laser pulses 
generates the best ablation characteristics and it is most suitable for solar cell 
fabrication. 
 
Figure 4.15: SEM image of the ps laser ablated area at a fluence of 1.4 J/cm2. 
 
Figure 4.16: Reflected laser beam at two adjacent pyramids [39]. 
 
4.3.1(c) Laser ablation at a high laser fluence 
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As the laser fluence increases to a high fluence range (>3 J/cm2), thermal 
effect starts to be prominent. Due to the Gaussian distribution of the laser pulse 
intensity, the surface melting starts from the centre of the laser irradiation as 
shown in Fig. 4.17 (a). At the melted region, the pyramids become blunted, the 
rippled structures are destroyed and the surface becomes smooth. 
As the laser fluence increased to a relatively high fluence of 16.2 J/cm2, severe 
surface melting was observed. The shape of the splashing liquid silicon was 
revealed from the re-solidified silicon surface as shown in Fig. 4.17(b). The round 
particles were silicon nano-particles which were re-solidified from liquid silicon 
droplets. 
 
Figure 4.17: SEM image of the ps laser ablated area at (a) a high fluence of 3.5 
J/cm2 and (b) an extremely high fluence of 16.2 J/cm2. 
 
4.3.1(d) Laser pulse overlap effect 
In contrast to the ns laser ablation, the ablation characteristics of the ps laser 
ablation are also strongly dependent on the laser pulse overlap ratio. This can be 
seen from the optical microscopy images in Fig. 4.12 and the SEM images in 
Figs. 4.18(d-f). At a laser fluence of 2.3 J/cm2 and an overlap ratio of 20%, a 
partially ablated dielectric film was observed as shown in the circled area in Fig. 
4.18(d). At an overlap ratio of 40%, full ablation was achieved. At an overlap ratio 
of 60%, local surface melting at the peaks of the pyramids was observed as 
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shown in the circled area in Fig. 4.18(f). The melting at the peak of the pyramids 
may be due to the focusing of the laser beam as illustrated in Fig. 4.19. 
Furthermore, the ripple structures were also destroyed. This implies that a certain 
degree of damage has been introduced to the bulk silicon. These changes in the 
ablation characteristics with respect to different laser pulse overlaps were only 
observed from SEM images and were not easy to be distinguished from optical 
microscopy images as shown in Figs. 4.18 (a), (b) and (c). 
Therefore, complete ablation of the dielectric films can be achieved by 
overlapping the laser pulses but the percentage of the laser pulse overlap needs 
to be carefully chosen. It is necessary to characterize it with SEM rather than 
only relying on optical microscopy images. 
 
Figure 4.18: Optical microscope images (a-c) and SEM images (d-f) of the 
ablated lines formed with the ps laser. The pulse overlap ratio was 20% in (a) 




Figure 4.19: Focusing of laser beam at the tip of the pyramid. 
 
4.3.2 Photoluminescence intensity imaging 
In the ps laser ablation of dielectric films, the effect of laser pulse overlap on 
the ablation characteristics and the amount of laser induced defects is much 
stronger compared with the ns laser ablation as shown in Figs. 4.12 and 4.20(b), 
especially from low to medium fluences. At this fluence range, surface melting is 
suppressed and thus the change in the reflection on the surface is minimized. 
The reflection of subsequent overlapping pulses is no longer significant. In 
contrast, the incubation effect (as discussed in the previous section) plays a 
decisive role in the change of the ablation characteristics and the generation of 
the defects now. From Fig. 4.20 (a), it can be observed that the laser fluence, 
which results in the partial ablation of the dielectric in column C1, can induce 
large amount of laser induced damage at a high laser pulse overlap, reducing the 
PL intensity to below 5000 counts.  
However, this pulse overlap dependence diminishes at a high laser fluence due 





Figure 4.20: (a) PL intensity image taken after SiN re-passivation. (b) PL intensity 
vs laser fluence and the PL intensities extracted from the PL intensity image in 
Fig. 4.20 (a). 25 boxes were opened with different ps laser parameters. Rows 1-5 
correspond to 0, 10, 20, 40 and 60% pulse overlap, respectively, while columns 
1-5 correspond to laser fluences of 2.10, 2.28, 2.37, 3.11 and 3.49 J/cm2, 
respectively. 
 
4.4 Impact of the ns and ps laser processing on solar cell’s 
performance 
To investigate the impact of the ns and ps laser processing on solar cell‟s 
performance, Al-LBSF solar cells were fabricated with the optimized ns and ps 
laser parameters. For the ns laser ablation, the laser fluence at 7.2 J/cm2 with a 
20% laser pulse overlap was applied. For the ps laser ablation, the laser fluence 
at 2.3 J/cm2 with a 20% laser pulse overlap was used. Table 4.3 summarises the 
average electrical performance of ps and ns laser processed solar cells with 
standard deviation. The I-V characteristics of the conventional Al-BSF solar cells 
fabricated with the same substrate materials are also listed in Table 4.3 for 
reference. The average values were taken from at least 5 cells of the same batch. 
A higher average absolution efficiency of 0.8% and higher average open-circuit 
voltage (Voc) of 27 mV for ps laser processed cells demonstrates superior 
ablation characteristics of ps laser dielectric ablation compared with ns laser 
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ablation. Since the other fabrication processes were kept identical, the lower 
average Voc of the ns laser processed solar cells was attributed to the higher 
recombination loss caused by the ns laser ablation at the rear surface of the 
solar cells.  
The AlOx/SiNx dielectric stack provides much better passivation quality than the 
Al-BSF due to the high negative fixed charge density in the AlOx thin film [104, 
116]. Approximately 90% of the rear surface of the LBSF solar cells is passivated 
by the AlOx/SiNx dielectric stack and the rest is passivated by the Al-LBSF. In the 
case of Al-BSF solar cells, the whole rear surface is passivated by the Al-BSF. 
The improvement of the Voc (8 mV) comparing the ps laser processed LBSF 
solar cells with the BSF solar cells is mainly attributed to the excellent 
passivation by the dielectric stack on the rear surface. The average Voc of ns 
laser processed Al-LBSF solar cells is 607 mV, which is even lower than the BSF 
solar cells. Considerable amount of laser induced damage to the solar cell 
caused by the ns laser ablation. The laser induced damage is attributed to the 
significant surface heating, melting and thermal induced stress during the ns 
laser ablation. However, it is unlikely that the laser induced damage alone can 
cause such tremendous Voc drop. It is found that the absence of the Al-BSF at 
the Al-Si local contacts is another cause to the low Voc. This absence of the Al-
LBSF is due to laser induced oxidation which will be discussed in Chapter 6. 
An impressive improvement of the short-circuit current density from 36.2 to 
38.0 mA/cm2 shows much better light trapping and charge carrier collection by 
Al-LBSF solar cells. The fill factor of the LBSF solar cells is lower by 1.9% 
(absolute value) than the BSF solar cells due to decreased metal contact fraction, 
which leads to an increased series resistance and the presence of voids which 
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will be discussed in detail (Chapter 7). By employing the Al-LBSF structure, the 
overall average efficiency is improved by 0.6% (absolute). 
 
Table 4.3: One-Sun batch average results for the ps and ns laser processed Al-
LBSF solar cells.  





FF (%) Eff (%) 
ns laser processed Al-LBSF 607  1 37.7  0.2 77.6  0.2 17.8  0.1 
ps laser  processed Al-LBSF 634  3 38.0  0.1 77.4  0.2 18.6  0.1 
Conventional Al-BSF 626  1 36.2  0.1 79.3  1.0 18.0  0.2 
 
4.5 Summary 
The application of laser ablation in Al-LBSF solar cell and the laser induced 
damage are discussed in this chapter. The ns and ps laser ablation of dielectric 
films for LBSF are investigated. The laser induced damage to the surface of the 
material is investigated by optical microscope and SEM imaging, while the 
damage to the bulk of the material is investigated by PL intensity imaging in 
Sections 4.2 and 4.3. Difference in the laser ablation characteristics and 
mechanism of these two types of lasers are presented and discussed. It is found 
that the ps laser is more suitable for the laser ablation of the dielectric films 
because it has shown a remarkable reduction of the thermal effect. The 
performance of Al-LBSF solar cells fabricated by the listed ns and ps lasers are 
compared. The better performance of the ps laser has demonstrated by 
improved I-V characteristics of Al-LBSF solar cells. 
Most of the current investigations of laser induced damage focus only on the 
laser irradiated area. In the next chapter, we will show that laser ablation on the 
rear side of the solar cell can generate defects at the locations that are 




Chapter 5. Enhanced Laser Induced Rear Surface 
Spallation 
In the previous chapter, the investigation of laser induced damage is focused 
on the laser irradiated area. It was shown that the thermal effect in the ps laser of 
the dielectric films can be significantly suppressed. Most of the current 
investigations focus only on the laser irradiated surface, whereas the opposite 
surface of a thin substrate is often neglected. In this chapter, it will be shown that 
certain laser parameters can induce devastating material damage far beyond the 
heat affected zone to some parts of substrate which were not directly irradiated 
by the laser beam. 
  
5.1 Laser induced pressure 
Laser induced pressure plays the most important role in the enhanced laser 
induced rear surface spallation. Hence, the generation of the laser induced 
pressure, the propagation and attenuation of the pressure waves will be 
discussed. 
 
5.1.1 Generation of shock waves 
The formation of shock waves is usually the result from the interactions of 
discrete compression waves. One analogy is to imagine the waves produced by 
moving a piston in a tube. The piston is accelerated in discrete pushes. 
Compression waves are generated in each push. A compression wave with a 
higher pressure and velocity is generated each subsequent push because of the 
increased velocity of the piston. The newly generated waves catch up the 
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previously generated waves and then these waves collide and coalesce into a 
shock wave [117]. At the moment of formation of the shock wave, there is always 
an extremely rapid rise in pressure and temperature. 
It is well known that short-pulse high-power laser-material interaction can 
induce high-pressure high-temperature shock waves [118]. Laser ablation is a 
process of explosive material removal, which generates a strong recoil pressure 
on the substrate.  Shock waves are generated due to the rapid rise in pressure at 
the material surface caused by the evaporation of materials [91] and/or adiabatic 
plasma expansion [119] during the laser ablation process. These shock waves 
decay into stress waves and acoustic waves during their propagation inside the 
materials [120]. Theoretical studies confirmed the correlation between shock-
wave pressure and laser parameters, such as laser intensity, wavelength and 
pulse duration [121]. 
 
5.1.2 Confined ablation 
Laser induced pressures up to a few gigapascals (GPa) were demonstrated on 
confined surfaces [122], which were covered by an overlayer. Confined ablation 
is different from the direct ablation of a material as schematically shown in Fig. 
5.1. The criteria for confined ablation are: (1) the presence of a confining medium, 
such as a layer of water or a thin film; (2) the confining medium should be 
transparent to the laser beam. The pressure induced by the laser ablation on the 
confined surfaces can be 5 to 10 times higher than that on unconfined surfaces 
and the shock duration is 2 to 3 times longer [123]. The distinct pressure profiles 
of direct and confined ablation are illustrated in Fig. 5.2. In the laser ablation of 
the dielectric films, the confining medium is the dielectric film. In addition, these 
dielectric films are transparent to the laser beam due to their wide energy 
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bandgap. Under these confined conditions, the substrate material absorbs 
photon energy from the laser beam, thereby generating vapor and plasma. The 
expansion of the vapor and plasma are constrained in a small volume by the 
overlayer, leading to a significant increase in the peak pressure. When the 
pressure is beyond the saturation, the breakdown and the ablation of the 
confining dielectric film occur. 
 
 











5.1.3 Stress confinement 
Laser induced stresses are maximal under the “stress confinement” conditions 
[124, 125] when the heating pulse is much shorter than the characteristic time of 
the materials‟ mechanical relaxation s. The formula for this criterion is [125], 
max{ , } ,p e ph s C SL C                             (5-1) 
where p is the laser pulse duration, e-ph the energy transfer time from 
electrons to the lattice, Lc is the optical penetration depth of the laser beam into 
the material and Cs the sound speed inside the material of interest. e-ph is in the 
order of ps for Si, p 10 ps in our experiments, Lc 1.3 m for c-Si when the 
wavelength of the laser is 532 nm [126] and speed of sound inside silicon is 
about 8433 m/s. s can thus be estimated as about 150 ps, which is much longer 
than the laser pulse duration used in our experiment. Therefore it can be 
concluded that the stress confinement condition was valid in the ps laser ablation 
of dielectric film experiments. 
 
5.1.4 Estimation of laser induced pressure 
The maximum pressure pmax developed on the confined surface can be 
calculated as [122] 
max 0 3 ,pp ZF                                             (5-2) 
where F0 is the laser fluence in J/cm
2 and Z the acoustic impedance (which is the 
product of confining material density and the sound speed inside the confining 
material). The laser induced pressure wave propagates inside the solar cell 
sample from the rear to the front surface. Stress waves are also attenuated 
during their propagation inside the material due to the hydrodynamic decay effect. 
The attenuation of the laser induced stress in monocrystalline silicon was 
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estimated to be 0.155% per m [127]. Thus, the attenuated pressure profile 
inside the silicon substrate can be estimated. 
 
5.2 Rear surface spallation 
Spallation is defined as the ejection of material fragments from a body due to 
an external impact or stress. The external impact or stress can come from plate 
impact, explosive loading, or laser irradiation [128-130]. Rear surface spallation 
is a special type of spallation. The steps in the rear surface spallation process 
are illustrated in Fig. 5.3. Firstly, after an object hits the front surface of the 
substrate, a pressure is generated at the surface. Then the pressure wave starts 
to propagate inside the substrate as shown in Fig. 5.3(b). After reaching the rear 
surface (free surface) of the substrate, the pressure wave is partially or fully 
converted into a tensile stress wave during its reflection at the rear surface of the 
substrate due to acoustically mismatched solid-air boundary at this surface as 
shown in Fig. 5.3(c). Superposition of the pressure and tensile waves results in a 
strong tensile stress on the rear surface as shown in Fig. 5.3(d). Internal cavities 
are generated near the rear surface due to the stresses when the stress exceeds 
the local tensile strength of materials. Fracture and spallation occur when the 
tensile stress exceeds the spall strength of the material. 
As discussed in the previous Section 5.1, extremely high pressures can be 
induced on the substrate surface during laser ablation on a confined surface. The 






Figure 5.3: Schematic illustration of the steps in the rear surface spallation 
process at the sequence from (a) to (f) [124]. 
 
5.3 Enhanced laser induced rear surface spallation 
The front surface of Al-LBSF solar cells features a random pyramid texture 
coated with an anti-reflection coating (ARC) and a homogeneous or selective 
emitter. In this section, it is shown that laser ablation at the rear surface of the 
solar cell using ps laser pulses can result in damage to the front surface of the 
solar cell, although this surface is not directly exposed to laser radiation. The 
damage occurs at the tips of the upright random pyramids on the front surface of 
the cell. This experimental observation can be explained by the fact that the 
shock wave induced by the ps laser pulses at the rear surface of the solar cell 
propagates through the silicon wafer and is enhanced significantly by the 
pyramids at the opposite surface (i.e., the front surface) of the solar cell. This 
enhanced shock wave causes fracture and spallation at the tips of the pyramids. 
This phenomenon is related to the “rear surface spallation” effect reported in the 
literature [124], which was previously only reported for planar surfaces. This is 
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the first time that “enhanced rear surface spallation” has been observed during 
laser ablation. Experiment and numerical calculation were conducted to 
investigate the role of the laser induced pressure wave and the textured 
pyramids. The effects of the laser focus position and laser fluence on the degree 
of surface spallation were also studied. 
 
5.3.1 Sample fabrication  
Al-LBSF solar cells were fabricated on 156 mm × 156 mm pseudosquare p-
type Cz mono-Si wafers with a bulk resistivity of 1-3 Ωcm. The process sequence 
of the sample is shown in Fig. 5.4. KOH-based chemicals were used to remove 
the saw damage of the raw wafers. After a standard RCA cleaning with a final HF 
dip and DI water rinse, a silicon nitride masking layer was deposited onto the 
wafer‟s rear surface, followed by single-sided surface texturing and POCl3 
diffusion (TS 81004, Tempress) at the front surface. Subsequently, a 10% HF 
solution was used to remove the phosphosilicate glass (PSG) and SiNx masking 
layer. A 75 nm thick SiNx antireflection coating (ARC) was then deposited onto 
the front surface of the wafers, followed by the deposition of 40 nm of aluminum 
oxide (AlOx) capped with 100 nm of SiNx onto the rear surface. All dielectric films 
were deposited by plasma-enhanced chemical vapor deposition (PECVD, SiNA-
XS, Roth & Rau). Subsequently the rear dielectric stack was locally opened by 
picosecond (ps) laser ablation by using different laser fluences and laser focus 
positions. The laser beam was focused either slightly above, slightly below or 
exactly at the sample surface. The ps solid-state laser (Nd:YAG) operated at a 
wavelength of 532 nm and a pulse duration of 10 ps. Some of these laser 
processed samples were used as test samples to study the enhanced rear 
surface spallation effect, while the remaining samples were completed into Al-
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LBSF solar cells, involving Ag and Al screen printing at the front and rear 
surfaces followed by an industrial co-firing process (Ultraflex, Despatch).  
 
Figure 5.4: The process flow of the test samples used in this study. 
 
5.3.2 Results and discussion 
Figure 5.5 is a schematic drawing to illustrate the important effects during the 
laser ablation, such as the propagation and focusing of the pressure wave. The 
laser light was focused by a lens onto the rear surface of the solar cell, to locally 
open the rear AlOx/SiNx dielectric stack. A laser fluence of 8.5 J/cm
2 was used. 
The thickness of the Si wafer was 200  20 m, while the size of the pyramids 
was distributed randomly in the range from 4 to 7 m. Scanning electron 
microscopy (SEM, Auriga, Carl Zeiss) was used to characterize the rear surface 
spallation effect occurring at the front surface of the solar cell wafer. Figure 5.6 
shows a cross-sectional SEM image taken in the secondary electron (SE) mode. 
It can clearly be seen that some of the pyramid tips at the front surface of the 
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solar cell wafer were missing after the laser processing of the rear surface of the 
solar cell. Figure 5.6 also shows that the topological changes were limited to the 
tips of the pyramids. It is thus argued that the pyramids confine the laser induced 
shock/pressure wave and thereby increase the local pressure to a level that 
exceeds the spall strength of crystalline silicon, thus resulting in spallation at the 
pyramid tips. The planar view SEM image of the solar cell‟s front surface was 
taken in the SE mode as shown in Fig. 5.7(a). Spallation of the SiNx ARC coating 
as well as the silicon at the tips of the textured pyramids can be clearly observed. 
Figure 5.7(b) shows another SEM image that was taken at the same position but 
now using the back-scattering electron (BSE) detector. In the BSE mode, 
differences in intensity indicate differences in chemical composition. Clearly the 
spallated areas have a very different chemical composition compared to the 
unaffected front surface regions, and this can mainly be related to the removal of 
the SiNx film at these areas. Hence, the BSE mode is more sensitive for the 
detection of the rear surface spallation effect. In the remaining part of this chapter 
the degree of the rear surface spallation effect was evaluated qualitatively using 
BSE SEM images and is calculated relative to the laser irradiated area at the rear 
surface of the solar cell wafer. The relative spallation area (SA) was defined as 
the ratio of color change area in the BSE mode images to the laser irradiated 
area on the solar cell‟s rear surface. In the following Section the influence of laser 






Figure 5.5: Schematic drawing of the pyramid-enhanced laser induced “rear 
surface spallation effect” at the front surface of the solar cell. 
 
 
Figure 5.6: SEM image (tilted view) of the pyramid-textured front surface of the 
solar cell wafer, clearly revealing damaged pyramid tips due to the laser 
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Figure 5.7: (a) Planar-view SEM image of the front surface of a solar cell sample 
after dielectric ablation at the rear surface with the laser focused at the rear 
surface; (b)-(d) SEM images of the front surface of samples that were rear 
surface ablated with the laser beam (b) focused at the rear surface, (c) focused 
at 3 mm above the rear surface, and (d) focused at 3 mm below the rear surface. 
Image (a) was taken in the SE mode, while images (b)-(d) were taken in the BSE 
mode of the SEM system. To show the effect more clearly, the rear surfaces 
were ablated three times. 
 
5.3.2.1 Effect of laser focus position 
In our experiment, it was observed that the laser focus position strongly affects 
the degree of the rear surface spallation effect. The laser beam was focused at 
either 3 mm above, 3 mm below or exactly at the sample‟s rear surface and the 
area was laser ablated three times to show this focus position effect more clearly. 
The 3 mm focus change was chosen in order to have clearly distinctive focussing 
conditions as the depth of focus of the laser was 1 mm. For the remaining of the 
experiments, only single ablation was applied. Figures 5.7(b-d) show that the SA 
was 10%, 5% and 70%, respectively for the various laser focus positions at a 
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when the laser beam was focused at 3 mm below the sample‟s rear surface, 
resulting in a SA of 70% [Fig. 5.7(d)] while the weakest spallation effect was 
found when the laser was focused at 3 mm above the sample‟s rear surface, 
resulting in a SA of 5% [Fig. 5.7(c)]. When the laser is focused at 3 mm above 
or below the sample‟s surface, the laser fluence is only 3.0 J/cm2, which is much 
lower than the laser fluence of 8.5 J/cm2 at the in-focus position. This is due to a 
larger laser spot size when the laser is focused above or below the sample 
surface and thus the laser induced pressure is lower, resulting in a weaker 
spallation effect. Although the laser fluence at the rear surface is identical when 
the laser is focused at 3 mm below or above the sample‟s rear surface, the rear 
surface spallation effect occurring at the sample‟s front surface is much more 
pronounced when the laser is focused at 3 mm below the sample‟s rear surface. 
The reason behind this fact is not yet fully understood and one possible reason is 
the convergence or divergence of the laser beams at different focus positions. 
Since the refractive index of Si is 4.15 at a wavelength of 532 nm, the refracted 











                                                     (5-3) 
where 1 and 2 are the incident and refracted angles respectively, n1 and n2 the 
refractive index of air and silicon respectively. The refracted angle 
increases/decreases as the incident angle increases/decreases. No matter how 
the angles change, the converging/diverging incident beams definitely result in 
converging/diverging refracted beams as shown in Fig. 5.8. It is assumed that the 
direction of the generated pressure wave follows the direction of the refracted 
beam. When the laser beam is focused at 3 mm below the substrate surface, 
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converging pressure waves are generated as shown in Fig. 5.8(a). The 
superposition of the pressure waves has a greater impact on the rear surface, 
creating a larger spallated area. When the laser beam is focused at 3 mm above 
the substrate surface, diverging pressure waves are generated as shown in Fig. 
5.8(c). Therefore, the pressure is spread to a larger area, leading to a weaker 
impact on the rear surface.  
 
Figure 5.8: Schematic drawing of the generation of pressure waves when the 
laser beam is focused (a) at 3 mm below the surface, (b) exactly at the surface, 
and (c) at 3 mm above the surface. 
 
5.3.2.2 Effect of laser fluence 
Next, the impact of the laser fluence on the rear surface spallation effect was 
investigated with the laser being focused at the sample‟s rear surface. Figure 5.9 
shows the variation of the SA with the laser fluence. The large variation of the 
error bar is attributed to different sizes of the randomly located upright pyramids. 
The fitted curve shows the trend that the SA increases with laser fluence, which 
is expected as it is well known that the laser fluence increases with the strength 
of the shock wave. Although the laser fluence used in our experiment is not 
sufficiently high to cause any spallation effect on a flat silicon wafer front surface, 
the local pressure at the pyramid tips is enhanced and consequently high enough 
to induce spallation. No spallation was observed when the laser fluence was 
below 2.4 J/cm2. When the laser fluence increases to 3.8 J/cm2, surface 
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spallation becomes detectable at a SA of 0.07% as shown in Fig. 5.9. By 
numerical fitting, the threshold laser fluence for the enhanced rear surface 
spallation effect was estimated to be ~2.9 J/cm2 for this specific sample. The 
laser ablation induced pressure at this threshold fluence can be estimated as 
0.62 GPa at the rear surface of the solar cell by using Eq. (4-2). This pressure is 
attenuated to about 0.43 GPa after propagating from the rear surface to the front 
surface of the ~200 m thick silicon solar cell sample. Since the spall strength of 
silicon is about 1.4 GPa [127], the rear surface spallation effect is thus enhanced 
by roughly a factor of 3 by the upright pyramids on the front surface of the solar 
cell.  
 
Figure 5.9: Relative spallation area as a function of the laser fluence. The ps 
laser beam operated at a wavelength of 532 nm and a pulse duration of 10 ps 
was focused at the sample surface. 
 
5.3.2.3 Other effects 
The rear surface spallation effect is not observed during the ns laser ablation of 
the dielectric films due to the much lower laser induced pressure which is 
attributed to the relatively long pulse duration. In addition, the stress confinement 
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condition was not satisfied in the ns laser ablation. According to Eq. (5-2), the ns 
laser induced pressure is approximately two orders of magnitude lower than the 
pressure induced by the ps laser ablation. This pressure is far below the spall 
strength of the silicon even after the enhancement from the pyramids. 
The rear surface spallation effect is also not observed during the laser ablation 
of the dielectric films on a multicrystalline silicon substrate. The main difference 
between the multicrystalline and monocrystalline silicon substrates is the lattice 
order and surface microstructure. In monocrystalline silicon substrate, the lattice 
is continuous and orderly without any grain boundary. Thus it is suitable for the 
propagation of the pressure waves. Whereas in multi-crystalline silicon substrate, 
the lattice is less orderly and there is a large amount of grains at different sizes. 
The pressure waves are scattered due to the imperfection of the multicrystalline 
silicon lattice. The rear surface spallation is then suppressed. In addition, 
multicrystalline silicon surface is not textured by pyramids. The focusing of the 
pressure waves is different. 
 
5.3.2.4 TEM study 
Transmission electron microscopy (TEM) analysis was performed on the cross-
section of ps laser processed samples. Figure 5.10 (a) shows an intact pyramid 
coated with SiNx ARC film. Figure 5.10 (b) is a zoom-in view of the pyramid. It 
shows an interface between Si and SiNx film and an interface inside the SiNx film. 
The presence of the two-layer SiNx film is due to the two plasma sources used in 
the PECVD deposition. Figure 5.11 shows a pyramid that is close to spallation. 
Fringes are observed inside the pyramid. These fringes are close to the edges of 
the pyramid. As explained in Section 5.2, the superposition between the incident 
and the reflected pressure waves near the pyramid surface results in a net 
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tension. Apparently, the tension is insufficient to cause spallation of the pyramid 
but it is enough to cause lattice distortion inside the pyramid to form the fringe 
structures as shown in Fig. 5.11. Figure 5.12 shows a spalled pyramid. Strong 
pressure waves caused the spallation of the pyramid tip. As a result, a smooth 
silicon surface is exposed. A detailed look at the edge of the pyramid [Fig. 
5.12(b)] shows complex fringe structures. From the directions of the fringe 
structures, it can be deduced that the pressure waves were reflected from both 
the pyramid surface and the newly exposed silicon surface. 
 
Figure 5.10: (a) A perfect pyramid coated with SiNx and (b) Si and SiNx interface. 
 
 
Figure 5.11: (a) A pyramid close to spallation and (b) zoom-in view of the tip of 




Figure 5.12: (a) A spalled pyramid and (b) zoom in view of the edge of the 
pyramid in red circle. 
 
The cross-sectional TEM analysis shows laser induced damage near the laser 
irradiated surface as well. Figure 5.13 shows high resolution (HR) TEM images 
taken at different locations on the cross section of a ps laser processed sample. 
The laser fluence applied was  3.0 J/cm2 which is near the spallation threshold. 
Figures 5.13 (a) and (b) are the same HR-TEM images which were taken at the 
point near the laser ablated surface (100 nm deep) except that red lines were 
added to Fig 5.13 (b) to delineate the lattice distorted region. The lattice distorted 
area forms a fringe-like pattern, which is parallel to the laser irradiated surface. 
The lattice distortion can be attributed to the laser induced stress waves. The 
period of the fringes is 7 nm. The correlation between the period of the fringes 
and the laser processing parameters is still under investigation. Figure 5.13 (c) 
was taken at the point slightly deeper into the silicon bulk (1 m from laser 
irradiated surface). The width of the distorted area shown in Fig 5.13 (c) is 
narrower than Fig 5.13 (a). This is due to the attenuation of the stress waves as 
they propagate from surface towards silicon bulk. Figure 5.13 (d) was taken at 
the centre of the sample‟s cross-section. No lattice distortion was found in Fig. 
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5.13 (d). It indicates that the stress waves are attenuated until it is below the 
threshold for lattice distortion. 
 
 
Figure 5.13: HR-TEM images taken at the positions (a) near the laser ablated 
surface (100 nm deep) (b) with red line to delineate the lattice distorted region, 







5.4 Impact of enhanced rear surface spallation on the solar 
cell’s performance 
Two types of Al-LBSF solar cells were fabricated to compare the device 
performance with and without the enhanced rear surface spallation effect: Type-
A cells were processed at a laser fluence of 2.3 J/cm2 while type-B cells were 
processed at a slightly higher laser fluence of 3.0 J/cm2. For type-A cells no 
spallation on the front surface of the solar cell is expected, as the laser fluence is 
below the spallation threshold. Type-B solar cells, however, were processed at a 
laser fluence above the spallation threshold. Since the enhanced rear surface 
spallation is not observed during the ns laser ablation of the dielectric films, the 
solar cells in this study were fabricated with ps laser only. 
Table 5.1 shows the measured one-Sun I-V parameters of the type-A and type-
B solar cells. Type-B cells have extremely low Voc and FF. The low Voc and FF 
can fully be attributed to the enhanced rear surface spallation effect. The 
spallation effect removes the emitter (i.e., the p-n junction) at most affected areas 
thereby increasing the surface recombination and locally causing shunting as the 
front metal grid is in direct contact with the base of the solar cell. Even when the 
emitter is not fully removed, the spallated area has an increased surface 
recombination, hence, this explains the significantly lower Voc and FF of the solar 
cell. Clearly, the enhanced rear surface spallation effect resulting from the upright 
pyramids is extremely detrimental to the solar cell‟s electrical performance. This 
is also of relevance for most of the new solar cell structures that involve laser 
processing. As the PV industry moves towards thinner wafers and wider 
applications of laser processing, the pyramid-enhanced rear surface spallation 




Table 5.1: One-Sun I-V parameters of the solar cells fabricated below and above 
the rear surface spallation threshold. 
Solar cell type Voc [mV] Jsc [mA/cm
2] FF [%] Eff [%] 
Type A 637 38.1 77.0 18.7 
Type B 486 37.1 59.8 10.8 
 
5.5 Summary 
Laser ablation of dielectric films by a ps laser was employed for application in 
industrial Al-LBSF silicon wafer solar cells with a pyramid textured front surface. 
It was found that certain laser processing parameters can result in an undesired 
and very detrimental rear surface spallation effect at the textured front surface, 
despite the use of laser parameters that are well below the spallation threshold 
for planar surfaces. Apparently, the damage is not due to the spread of heat 
because the penetration depths of the optical and thermal waves are very limited. 
Photomechanical effects are responsible for this special type of laser induced 
damage. Confinement of the pressure waves at the upright pyramids of the front 
surface of the solar cell wafer was the root cause for this enhanced rear surface 
spallation effect. The threshold laser fluence for inducing enhanced spallation 
was estimated to be ~2.9 J/cm2 for a solar cell sample at a thickness of 200 m, 
a planar rear and a pyramid textured front surface. This is about 3 times lower 
compared to the spallation threshold for planar surfaces. At a higher laser 
fluence, the spallation area increases with the laser ablation induced pressure. 
The laser focus position also strongly affects the degree of the laser induced 
spallation. The enhanced rear surface spallation effect is extremely detrimental 
for the solar cell performance and hence must be avoided during the laser 
processing in solar cell manufacturing. 
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In Chapters 4 and 5, we have investigated different types of laser induced 
damage in detail. The laser induced damage is related to the photo-thermal and 
photo-mechanical effects, which physically change the materials. In fact, laser 
ablation does not only induce physical changes in the material but also induces 
changes in the chemical composition of the material, e.g. oxidation of the silicon. 
The laser induced formation of silicon oxide and the effect of such silicon oxide 




Chapter 6. Laser Induced Oxidation and Its Impact 
on Solar Cell’s Performance 
In Chapters 4 and 5, thermal and non-thermal effects in the laser ablation of 
dielectric films are presented. These effects lead to the changes in the physical 
properties of the sample, such as the rise of the temperature, phase transition, 
material’s removal, and generation of defects. This chapter will show that laser 
ablation can cause changes in the chemical properties of the sample, particularly 
the oxidation of the silicon. The impact of laser induced oxidation on the solar 
cell’s performance will be investigated. 
 
6.1 Introduction 
In the laser ablation of dielectrics, enormous effort has been put into minimizing 
the laser induced damage to the material‟s physical properties, for example 
crystal lattice defects, morphological changes, phase changes and electronic 
quality. However, one side effect of laser processing which is often neglected is 
the potential change in the chemical composition of the material (e.g. oxidation). 
In fact, in order to reduce the processing cost, laser processing is usually carried 
out in ambient air. Therefore, the oxidation of the silicon is inevitable. There are 
reports showing that the presence of a native oxide is not favorable for Si-Al 
contact formation [131, 132]. However, there is no prior knowledge on the effect 
of laser induced oxidation of silicon on the Si-Al local contact formation. In this 
chapter, we investigate first time the impact of laser induced oxidation on the Si-
Al local contact formation as well as on the performance of silicon wafer solar 
cells. To be consistent with the aim of this thesis (i.e. to understand laser material 
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interaction in laser ablation of dielectric film), the experiments are based on the 
laser ablation of dielectric films. 
This chapter shows that the laser induced oxidation represents an obstacle for 
achieving high solar cell efficiency. The difference in the laser induced oxidation 
between ns and ps lasers is compared by energy-dispersive X-ray spectroscopy 
(EDX) analysis and different mechanisms behind the ns and ps laser induced 
oxidation are discussed. The impact of the laser induced oxidation on the Si-Al 
local contacts is studied by cross-sectional SEM imaging using completed solar 
cells. The impact on the solar cell‟s performance is investigated by the solar cell‟s 
I-V characteristics and compared with simulation (PC1D) results. 
 
6.1.1 Natural oxidation of silicon 
The native silicon oxide formation involves the following four steps [42]: 
1. Transport of oxygen from the ambient air to the sample surface. 
2. Adsorption of oxygen molecules onto the sample surface. The molecules 
diffuse across the surface to the chemisorption sites. They break the molecular 
bond in favor of new bonds to the surface. This process is called dissociation 
chemisorptions. 
3. Electron transfer to adsorbed O2 due to its strong electronegativity. After 
receiving one electron, O2 becomes O2
-. As a result, dissociative chemisorption is 
enhanced because the activation energy of dissociation for O2
- (3.8 eV) is much 
lower than O2 (5.1 eV). 
4. Diffusion of species (O2 and O2
-) through the oxide layer. The diffusion is 
enhanced by an electric field. 
The model for microscopic mechanism of silicon surface oxidation is 
schematically shown in Fig. 6.1. Electron tunneling and diffusion of species 
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through the existing oxide layer enable further oxide growth. The oxidation 
process is self-terminated because the electron tunneling and the diffusion of 
species become increasingly difficult with increasing oxide thickness. Hence, the 
thickness of native oxide is usually in the range of 1-2 nm [93].  
 
 
Figure 6.1: Model for surface oxidation of silicon. The presence of cracks within 
the oxide layer can enhance the diffusion of oxygen species. 
 
Water molecules in air are also active species in the formation of native oxide. 
Miura et al. [133] found that the water molecules are responsible for oxidizing a 
hydrogen terminated silicon surface by converting the Si-H bond into Si-OH and 
Si-O-Si bonds. The oxidation rate of the Si-H bond is strongly dependent on the 
humidity of air. It is found that the water more readily reacts with the surface Si–H 
bonds than the oxygen molecule. The native oxide starts to grow when most of 
the surface Si atoms are oxidized. The overall reactions in native oxide formation 
are given by [134], 
2 2( )Si O gas SiO                                         (6-1) 





6.1.2 Laser induced oxidation of silicon 
The model for laser induced oxidation of silicon is illustrated in Fig. 6.2. The 
oxidation of silicon starts with a formation of an ultra-thin oxide layer up to a 
thickness of 1 nm. The growth mechanism of this layer is similar to the native 
oxide growth as described in Section 6.1.1. Further oxide growth requires both 
the diffusion of oxygen into the oxide layer and the ejection of “hot electrons” 
from the silicon. Since the size of the O2 molecules is comparable to the free 
volume within the SiO2 lattice (45 Å
3), diffusion of oxygen in the oxide layer can 
take place. During the diffusion of O2 molecules in the oxide layer towards the 
interface of the oxide and the silicon substrate, some of these O2 molecules 
capture trapped electrons in the oxide and turn into O2
-. The ejection of electrons 
from silicon into the oxide layer leaves a positively charged silicon surface which 
is favorable for the diffusion of O2
-. At a distance of 1-2 nm from the interface, 
diffusion of O2 and O2
- is blocked. This is due to the lattice mismatch between 
silicon and silicon oxide, which reduces the lattice constant in the blocking layer. 
Hot electrons are generated in the silicon due to laser irradiation. These hot 
electrons are able to penetrate the blocking layer and to atomize the oxygen 
molecules. Hence, some of the O2 and O2
- are dissociated into O and O-. Atomic 
oxygen has a drastically smaller volume of only 5 Å3 that easily allows the 
diffusion through the blocking layer until it reaches the Si-SiO2 interface for 





Figure 6.2: Model for laser induced oxidation of silicon. 
 
 
Figure 6.3: Deal-Grove model for the oxidation of silicon. 
 
Generally, the oxidation of silicon can be enhanced by laser irradiation on the 
silicon surface via thermal and non-thermal mechanisms. Laser-enhanced 
photothermal oxidation can be understood by ordinary thermal oxidation. The 
diffusion of the oxidizing species starts from the gaseous form to the oxide 
surface. Since the oxidation of silicon takes place at the Si-SiO2 interface, these 
oxidizing species have to diffuse through the grown oxide film. The Deal-Grove 
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model [135] can be used to describe the oxidation of silicon as schematically 
shown in Fig. 6.3. F1 is the flux of gas transported to the vicinity of the oxide 
surface. F2 is the diffusion flux through the oxide layer. F3 is the reaction flux at 
the Si-SiO2 interface. For the flux F at steady-state condition, the oxide layer 
thickness xox is related to the oxidation time t by, 
2
oxx Ax B(t ),ox                                 (6-3) 
1 1
2 ( ),A D
k h














                                    (6-3c) 
where xi is the initial oxide thickness, k the surface reaction rate constant, h the 
gas phase transport coefficient, D the diffusivity, Cg the concentration of the 
oxidant in gas phase and N1 the number of oxidant molecules incorporated into a 
unit volume of the oxide layer. Hence, the oxide thickness can be obtained by 
solving Eqs. (6-3) and it is given by, 
2A (t )
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                 (6-4) 
There are two limiting forms of Eq. (6-4). For a small oxidation time and thin 




                                    (6-5) 
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Equation (6-5) shows that the oxide thickness increases linearly with time for a 
thin oxide layer. For a large oxidation time and oxide thickness, Eq. (6-4) can be 
reduced to, 
2 t .oxx B                                           (6-6) 
Equation (6-6) shows a parabolic oxide growth rate when the oxide thickness 
becomes large. Therefore, the oxide growth rate slows down with increasing 
oxide thickness. In the linear growth rate region, the growth rate is limited by the 
reaction at the Si-SiO2 interface. In the parabolic growth rate region, the oxidation 
rate is diffusion limited.  
The laser-enhanced photothermal oxidation is mainly based on the increased 
diffusivity, the generation of defects and the thermal excitation of electrons. 
Diffusivity is highly dependent on temperature. The diffusivity of oxygen 
increases with temperature. Thus, the oxidation rate increases if the process is 
diffusion limited. In addition, the generation of defects, such as vacancies and 
cracks, increases the oxygen diffusion as well. The thermal excitation increases 
electrons transfer to the oxide layer which creates an electric field that enhances 
the diffusion of negatively charged oxygen species. 
The non-thermal mechanisms in the laser-enhanced oxidation are mainly 
related to the photon energy of the laser light. These mechanisms become 
prominent when the photon energy matches the energy required for a particular 
transition. For example, when the photon energy exceeds the band gap energy 
of silicon, direct band gap excitation increases the ejected electrons from silicon 
to the oxide layer. Therefore, there is a substantial increase of oxidation rate by 
visible (VIS) or ultra-violet (UV) laser light compared to infra-red (IR) laser light. 
Other electronic transitions, such as the transition from the Si conduction band 
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into the SiO2 conduction band or the direct band gap transition in the SiO2, are 
not relevant in this chapter, because these transitions only occur when a laser 
light at a wavelength in UV or deep UV region is used. 
 
6.2 Experiment 
Test samples were fabricated on 156 mm×156 mm pseudo-square p-type Cz 
mono-Si wafers at a bulk resistivity of 1-3 Ωcm. The full process sequence is 
shown in Fig. 6.4(a). KOH was used to remove the saw damage from the raw 
wafers. After a standard wet-chemical clean („RCA clean‟) with a final HF dip, the 
wafers were dried and a dielectric stack of aluminum oxide (AlOx) and silicon 
nitride (SiNx) was deposited by plasma-enhanced chemical vapor deposition 
(PECVD) on both sides of the samples. The thickness of the AlOx film was about 
40 nm, while the thickness of the SiNx film was about 100 nm. These 
symmetrically coated test samples were used for the subsequent laser ablation 
and EDX analysis. The same ns and ps lasers as described in Chapter 3 were 
used. The laser pulse overlap was varied from 0%, resulting in a dotted pattern 
with a dot separation of at least 10 m, up to 60% resulting in a line pattern.  
Optimized laser parameters were used to fabricate Al-LBSF solar cells on 
156×156 mm2 pseudo-square p-type Cz mono-Si wafers at a bulk resistivity of 1-
3 Ωcm. KOH was used to remove the saw damage from the raw wafers. After a 
standard RCA clean  with final HF dip, a silicon nitride masking layer was 
deposited at the rear side, followed by single-sided texturing and POCl3 diffusion 
(TS 81004, Tempress) at the front side. Subsequently, a 10% HF solution was 
used to remove the phosphosilicate glass (PSG) and the SiNx masking layer. 
Subsequently, a 75 nm thick SiNx antireflection coating (ARC) was deposited 
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onto the front side of the wafers and 40 nm aluminum oxide (AlOx) deposited 
onto the rear side capped by a 100 nm SiNx layer. All PECVD layers in this work 
were grown in an industrial inline reactor (SiNA-XS, Roth & Rau). Subsequently 
the dielectric stack at the rear side was opened by optimized ns and ps laser 
ablation. After the laser processing, a half of the samples had a post-laser wet-
chemical etch in 10% KOH for 5 minutes. Finally all samples were screen printed 
with Ag as the front metal contact and Al as rear metal contact and co-fired 
(Ultraflex, Despatch). The process flow for the cell fabrication is shown in Fig. 
6.4(b). The one-Sun I-V characteristics of the completed solar cells were 
measured to study the impact of post-laser etching on the laser processed solar 
cells. Cross-sectional SEM images (Auriga, Carl Zeiss) were taken for selected 






Figure 6.4: Process flows for (a) the test samples and (b) the fabrication of Al-
LBSF solar cells. 
 
6.3 Results and discussion 
6.3.1 Laser induced oxidation during the ablation of dielectric films 
EDX was used to analyze the oxygen content in the sample before and after 
the laser processing. The processing sequence of the EDX samples is described 
in Section 6.2 and shown in Fig. 6.4(a). A silicon substrate with the dielectric 
coating was used as a reference sample (ref sample). The rest of the samples 
Laser ablation at rear side
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Co-firing
POCl3 diffusion
PSG and mask removal
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were locally ablated at the optimized ns and ps laser parameters (hereafter 
referred as ns and ps samples respectively) to remove the dielectric stack from a 
saw damage etched silicon substrate. The applied laser fluence of the ns and the 
ps lasers was 8.8 and 2.3 J/cm2, respectively. The laser pulses were separated. 
EDX spectra were measured at the centre of the laser ablated spots. Since a 
high electron beam energy of 15 kV is applied, the penetration depth of the 
electrons is a few microns and thereby the EDX signal predominantly comes 
from the silicon bulk. Hence, a prominent Si peak is observed for all the samples 
as shown in Fig. 6.5(a). Figure 6.5(b) is an inset of Fig. 6.5(a) that shows the 
aluminum peak. The aluminum peak is clearly seen from the reference sample‟s 
spectrum; whereas this peak is absent from the ns and the ps samples‟ spectra. 
It indicates that the aluminum oxide was completely removed during laser 
ablation. An oxygen peak can be observed in the EDX spectra of the ns and ps 
laser treated samples from Fig. 6.5(c). The Fig. 6.5(c) is an inset of the Fig. 
6.5(a). Clearly, the oxygen peak measured on the ns sample is much higher than 
the ps sample. The reference sample has higher oxygen and nitrogen peaks than 
both the ps and the ns samples. The absence of the nitrogen peak from ns and 
ps samples‟ spectra indicates the complete removal of SiNx. Apparently, the 
oxygen and the nitrogen peaks measured from the reference sample are 





Figure 6.5: EDX spectra of ns, ps and ref samples (with AlOx/SiNx stack coating): 
(a) the broad spectra, (b) nitrogen and oxygen peaks, and (c) aluminum peak. 
 
To eliminate possible contribution of the oxygen signal from the AlOx layer, a 
control sample was used. The control sample follows the same fabrication 
sequence described in Section 6.2 except that the PECVD AlOx deposition step 
was removed. Hence, the control sample has a 100 nm SiNx layer on a saw 
damage etched Si wafer. Same ns and ps laser parameters were applied on the 
control sample. The EDX spectra were measured at the centres of laser ablated 
spots. Similarly, a strong Si peak is observed for all the samples as shown in Fig. 
6.6(a). Figure 6.6(b) is an inset of Fig. 6.6(a). It shows the oxygen and the 
nitrogen peaks. The absence of the nitrogen peak implies that the SiNx layer was 
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completely removed by both ns and ps laser pulses. The oxygen peaks in the ns 
and ps samples can only be attributed to the silicon oxide layer. Similar to the 
dielectric stack coated sample, a much higher oxygen peak is observed in EDX 
spectrum taken from the ns sample compared to the ps sample. 
 
Figure 6.6: EDX spectra of ns, ps and ref control samples (with only SiNx coating): 
(a) the broad spectra and (b) nitrogen and oxygen peaks. 
 
Since the wavelengths of both the ns and ps lasers used in this work are 532 
nm, the non-thermal mechanism in the ns and ps laser enhanced oxidation is 
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mainly attributed to the excitation of the electrons in the silicon substrate via 
direct band gap transition. As a result, not only the number of the electrons 
emitted from the silicon surface increases but also the mean energy of these 
electrons increases. Young [136] reported that the enhancement in oxide growth 





                                     (6-7) 
where I is the laser intensity, h the Planck's constant, c the speed of light and  
the wavelength. Since h and c are constants and  is the same for both the ns 
and the ps lasers, the difference in the enhanced oxidation via emitted electrons 
between the two lasers can mainly be attributed to the intensity of the lasers. The 
intensity of the applied ps laser pulses was about 0.9 MW/cm2 which was about 
15 times higher than the intensity of the applied ns laser pulse. Therefore, the 
increase of emitted electrons by the ps laser pulse should be much higher than 
the ns laser pulse.  
Clearly, the photothermally enhanced oxidation by the ns laser is more 
pronounced than the ps laser, because the thermal effects in the ps laser pulse 
are strongly suppressed. Thermal effects are significant in the ns laser ablation of 
the dielectric films. The enhancement due to the thermal effect is discussed in 
Section 6.1.2. As discussed in Chapters 2 and 4, the ablation of the wide band 
gap dielectric films by ns laser at VIS wavelength inevitably induces melting of 
the silicon surface. Typically, a sharp increase in oxide formation can be 
observed for laser fluence that induce surface melting [42]. The generation of 
thermal stress related defects further increases the oxidation rate. 
Although the non-thermal enhanced oxidation rate by the ps laser seems to be 
higher than the ns laser, a higher oxygen content was observed in the ns sample 
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than the ps sample as shown in Figs. 6.5(c) and 6.6(b). It implies that thermally 
enhanced oxidation may be a more dominant mechanism in this case. The time 
scale of the reaction also plays an important role. The increased emitted 
electrons due to the laser light stimulation increases the atomized oxygen 
species which can penetrate through the blocking layer to the Si-SiO2 interface. 
Hence, Ci increases to enhance the surface reactions. The surface reaction flux 
increases as described by Eq. (6-7). This enhancement is limited by the time 
scale of the laser stimulation, i.e the laser pulse duration. On one hand, the ps 
laser pulse at the pulse duration of only 10 ps enables limited enhancement of 
surface reactions. On the other hand, the long pulse duration of the ns laser 
pulse provides significant longer duration for enhanced surface reactions. The 
thermal enhancement of the oxidation by the ns laser can mainly be attributed to 
surface melting. The time scale of the surface melting induced by the ns laser 
pulse is in the range of a few hundred ns to a few s. This time scale is much 
longer than the laser pulse duration. In addition, it is very likely that the ultra-thin 
oxide layer formed within the laser pulse duration is simultaneously ablated. 
Hence, the thermal enhanced oxidation is more likely to be the dominant 
oxidation mechanism. 
 
6.3.2 Impact of laser fluence on the oxidation 
To further study the impact of laser fluence on the enhanced oxidation behavior, 
the ns laser pulses at a wide range of laser fluence is applied. Figure 6.7 shows 
the measured oxygen atomic percentage at different laser fluences when the ns 
laser pulses were applied to locally ablate the AlOx/SiNx stack film from the 
silicon substrate. It should be noted that the measured oxygen atomic 
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percentage is not a quantitative value, because it is only relative to the 
percentage of silicon. However, this value provides sufficient information for a 
qualitatively analysis. It is an indication of the relative amount of the oxygen in 
different samples. From Fig. 6.7, two distinctive regions as indicted by the two 
fitted lines are observed. The region 1 shows a rapid increase of the oxygen 
content as the laser fluence increases as indicated by the steep gradient of the 
linearly fitted line. The increase of the oxygen content slows down in region 2, 
because the gradient of the fitted line is flattened and it is in a parabolic shape. 
Two assumptions are made: the oxygen atomic percentage is linear proportional 
to the oxide thickness and the laser fluence is linearly proportional to the surface 
melting time. The first assumption is valid when the EDX signal is predominantly 
contributed by silicon. The second assumption is a good approximation when the 
laser fluence is low [42, 137]. In fact, the melt duration exhibit a parabolic 
relationship at a high laser fluence [138]. In this case, the two distinctive regions 
shown in Fig. 6.7 can be modeled by the Deal-Grove model as discussed in 
Section 6.1.2. For a small oxidation time and a thin oxide layer, the oxide 
thickness increases linearly with time which is described by equation (6-5). This 
corresponds to the region 1 in Fig. 6.7. Since the oxidizing species can easily 
penetrate through the thin oxide layer, the oxidation is limited by the reaction at 
the Si-SiO2 interface. As the oxidation time increases and the oxide grows thicker, 
it is more difficult for the oxidizing species to penetrate through the oxide layer. 
As a result, the oxide growth rate enters a parabolic region as described by Eq. 
(6-13). The “region2” in Fig. 6.7 follows a similar parabolic trend at a high laser 
fluence. Hence, the oxidation induced by the ns laser pulses can be well 
explained by the Deal-Grove model. However, fluctuation of the oxygen content 
at a high laser fluence is observed. This could be related to some of the physical 
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effects such as the ablation/vaporization of the silicon or newly formed oxide, 
inhomogeneous melting in the silicon and the movement of the melt. It is highly 
possible that the native oxide or an ultra-thin oxide formed within the laser pulse 
is ablated after the laser pulse. It has been reported that Inhomogeneous melting 
of silicon occurs during the irradiation of laser light at wavelengths in the VIS and 
near-IR regions on the silicon surface [137, 139, 140]. It is mainly attributed to 
the abrupt difference in the optical properties of the solid and the liquid silicon at 
these wavelengths. The solid and the liquid silicon coexist in a not-well-defined 
solid-liquid interface. Cracks in the oxide layer can be easily formed on the liquid 
silicon surface [141]. These cracks enhance the oxidation as schematically 
shown in Fig. 6.1. Silicon vaporization and plasma formation generate a recoil 
pressure on the molten silicon surface. It causes the movement of the melt. As a 
result of the melt expulsion, a crater at the centre of the laser ablated spot is 
formed. The occasionally observed spherical silicon nanoparticles are also due to 
the melt expulsion. To study these effects, a more complicated model is needed.  
Figure 6.8 shows the measured oxygen atomic percentages at different laser 
fluence when the ns laser pulses were applied to locally ablate the control 
sample which only has the SiNx film (100 nm) on the silicon substrate. A similar 
trend has been observed. This result can be well explained by the Deal-Grove 





Figure 6.7: EDX measured oxygen atomic percentage vs laser fluence. ns laser 
pulses were applied to locally ablate AlOx/SiNx stack film from silicon substrate. 
 
 
Figure 6.8: EDX measured oxygen atomic percentage vs laser fluence. ns laser 
pulses were applied to locally ablate SiNx film from silicon substrate. 
 
6.3.3 HF etch of oxide layer 
A HF etch (1% HF solution for 5 mins at room temperature) was applied on the 
ns laser ablated sample. The sample was coated by the AlOx/SiNx stack. The aim 
of the HF etch is to remove the oxide layer on the laser ablated surface. EDX 
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analysis was performed on the centre of the laser ablated spot. Figure 6.9 shows 
the measured oxygen atomic percentage at different laser fluence of the ns laser 
pulses. A saw damaged etched bare silicon wafer is used as a reference. The 
red line shows the oxygen content in the bare wafer. From Fig. 6.9, it is observed 
that the measured oxygen content in the laser ablated area after the HF etching 
becomes comparable to the reference bare wafer. It shows that the laser induced 
oxide layers at all laser fluences can be effectively removed by HF solution. In 
addition, the oxide formation is mainly limited to the surface. The amount of 
oxygen molecules introduced into the silicon bulk due to the surface melting 
seems to be below the detection limit.  
 
Figure 6.9: EDX measured oxygen atomic percentage vs laser fluence. ns laser 
pulses were applied to locally ablate AlOx/SiNx stack film from silicon substrate. 
 
6.3.4 Oxygen content at different locations within a laser ablated spot 
EDX measurements were performed at different locations within a laser 
ablated spot to study the lateral distribution of the oxygen content. Fig. 6.10 is a 
SEM image of an ns laser ablated spot. EDX measurement was performed at 
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three points within the laser ablated spot. The locations of the points are 
indicated in figure by the three crosses in red. These three points (p1 to p3) are 
distributed from the centre to the edge of the ablated spot. The relative atomic 
percentages of silicon and oxygen at these three points are shown in Table 6.1. It 
is found that the oxygen content increases from the centre of the spot to the edge 
of the spot. This observation is in contrary to the results reported which shows a 
higher oxygen content or a thicker oxide at the centre due to a higher laser 
intensity [142, 143]. In most of the studies reported in the literature, the laser 
fluence is limited to below or near the melting threshold. The observation in this 
study can be explained by the silicon melt movement. The recoil pressure from 
the silicon vaporization and plasma formation causes the melt expulsion from the 
centre to the outer edge of the melt. This can be deduced from the microstructure 
and the nanopariticles. The microstructure at the edge of the ablated spot 
resembles the splash of a liquid. In addition, the splashed silicon liquid droplets 
during the melt expulsion re-solidify into the spherical silicon nanoparticles and 
deposit outside the edge of the ablated spot. The melt expulsion leaves a crater 
at the centre and the pressure pushes the melt towards the edges. Hence, the 
molten layer is thicker at the edge which enables a longer oxide growth time and 





Figure 6.10: SEM of a laser ablated spot where the EDX spectra measured at 
three points located at the three cross in red from p1 to p3. 
 
Table 6.1: The relative atomic percentage of silicon and oxygen measured at the 
three points by EDX. The positions of the points are shown in Fig. 6.10. 
        Location 
Element 
P1 P2 P3 
Silicon (atom %) 97.2 97.0 96.1 
Oxygen (atom %) 2.8 3.0 3.9 
 
6.3.5 Cross-sectional SEM study 
The Al-Si local contact formation can be studied by cross-sectional SEM 
images taken from solar cells, especially for the rear passivated solar cells [144-
147]. For Al-LBSF solar cells, the area where Al is directly in contact with the Si 
bulk is much smaller compared to conventional full-area Al back surface field (Al-
BSF) solar cells. Therefore, the local Al-Si contact formation is critical in the case 
of Al-LBSF cells. Cross-sectional SEM micrographs show that the ns and ps 
laser processed LBSF solar cells without post-laser etching generally have a 
much thinner p+ layer, as shown in Fig. 6.11. This p+ layer is also known as the 
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BSF layer which consists of mainly silicon heavily doped by aluminum. In the 
firing process, Si interacts with Al to form a Si/Al alloy. The p+ layer is the 
precipitation from the Si/Al alloy after the thermal process. It was observed that 
without post-laser etching for the ns laser processed solar cells, the p+ layer was 
almost non-detectable, as shown in Fig. 6.11(a). The average p+ layer thickness 
was only about 0.3 m. For ps laser processed solar cells as shown in Fig. 
6.11(c), their p+ layer is more pronounced than ns laser processed solar cells. 
The p+ layer thickness is about 2.5 m which is thinner than ns/ps laser 
processed and KOH etched solar cells.  
Figures 6.11(b) and (d) show that a well-defined p+ layer is formed if the post-
laser etching was applied, regardless of whether the solar cell was processed 
with the ps or the ns laser. Their average p+ layer thickness is about 4 m. 
Similar results were obtained when a stain etching (by a mixed solution of HF, 
HNO3 and CH3COOH) was applied on the cross section of the solar cell samples 
to reveal the presence of the p+ layer [148]. Therefore, it is clear that the post-
laser etching significantly affects the contact formation. 
In Section 6.3.1, it was shown that laser irradiation on the silicon surface in air 
can significantly increase the amount of oxygen through the laser induced 
oxidation. This oxygen is not desirable for the contact formation. In some 
extreme cases, a layer of silicon oxide can even suppress the silicon precipitation 
(i.e. p+ layer) from the Al-Si alloy [149]. The post-laser etching can remove both 
the laser damaged layer and the oxygen from the silicon surface, although only 
the surface oxygen affects the quality of p+ layer. The removal of oxide by KOH 
solution is slow due to the low etching rate. A quick HF dip before the KOH 
etching would be an alternative method to remove the oxide. After the removal of 
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Figure 6.11:  Cross-sectional SEM images of the rear contacts of LBSF solar 
cells. (a) ns laser processed solar cell without post-laser etching, (b) ns laser 
processed solar cell with post-laser etching, (c) ps laser processed solar cell 
without post-laser etching and (d) ps laser processed solar cell with post-laser 
etching. Red dotted lines are added to the images to aid the readers for 
distinguishing the interface between the p+ region and the bulk silicon. 
 
6.3.6 Solar cell’s performance 
In Chapter 4, it is shown that the ns laser processed Al-LBSF solar cells have 
relatively low average open circuit voltage (607 mV) compared to ps laser 
processed Al-LBSF solar cells (634 mV). Clearly, both the laser induced damage 
and the absence of the p+ layer contribute to the low average open circuit voltage 
(Voc) of the ns laser processed solar cells. It is important to find out the relative 
contributions of these two effects. The solar cell simulation software PC1D was 
used to study the impact of these effects on the solar cell‟s performance. The 
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doping concentration (ND) and junction depth (dj) at the front surface are chosen 
to be: ND = 9.8 x10
19 cm3, dj = 0.48 μm respectively. The simulation was 
performed under the standard testing conditions: AM1.5 illumination and a 
temperature of 25 C. The effective rear surface recombination velocity (SRV) of 
a Al-LBSF solar cell can be represented by an effective value according to 
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where Seff,rear is the effective rear SRV, Rs the additional series resistance 
contribution caused by the lateral current flow of the majority charge carriers in 
the silicon wafer to the local rear contacts, f the metallization fraction, Spass the 
SRV at the passivated area, Scont the SRV at the contact area,  the base 
resistivity, D the diffusion coefficient of the minority carriers and W the wafer 
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                   (6-10) 
p is the line pitch distance and a the line width. These models have been used by 
several authors to extract the effective rear SRV of locally contact solar cells [147, 
151, 152]. The typical value of Spass (passivated by AlOx/SiNx stack) is 10 cm/s or 
below [153]. The typical value of Scont for a laser opened line contact on a silicon 
wafer at a base resistivity of 1.5 cm is approximately 1000 cm/s [154]. It is 
assumed that the damage induced by our ns laser leads to a high effective rear 
SRV of 4000 cm/s. For a solar cell without the Al-BSF, there is a maximum SRV 
due to the high recombination at silicon-metal interface. The maximum SRV is 
limited by the thermal velocity of minority charge carriers (107 cm/s). Three 
different Al-LBSF solar cells are simulated: Cell 1 has low laser induced damage 
at the rear local contact, Cell 2 has high laser induced damage at the rear local 
contact and Cell 3 has no local BSF layer at the local contact. The Scont of Cell 1, 
2 and 3 are assumed to be 1000, 4000 and 107 cm/s respectively. The value of p 
and a were taken to be 1 mm and 0.1 mm respectively. Then, the Seff,rear of these 
three solar cells were calculated by the Fischer-Plagwitz model. Fig. 6.12 shows 
the PC1D simulated open circuit voltage of solar cells at different effective rear 
SRVs. The simulation results of the three solar cells are indicated by the three 
different points. The Voc difference is 7.4 mV between Cells 1 and 2, while it is 
16.9 mV between Cells 1 and 3. High laser induced damage can lead to 
increase in effective rear SRV and thus a large drop of Voc. Laser induced 
oxidation causes the absence of the LBSF. Clearly, the absence of the LBSF 
results in extremely high SRV and the drop of Voc up to 16.9 mV, explaining the 
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bulk of the experimentally observed voltage drop of 27 mV. This is more 
detrimental to the solar cell than laser induced damage. 
 
 
Figure 6.12: PC1D simulated open circuit voltages as a function of the effective 
SRV at the rear of the Al-LBSF solar cell. 
 
6.4 Summary 
In this chapter, we investigate and compare the ns and the ps laser induced 
oxidation of silicon during the ablation of dielectric films. The oxygen content in 
the material was characterized by energy-dispersive X-ray spectroscopy. It was 
found that the laser irradiation enhances the oxidation of silicon, whereby the 
enhancement for the ns laser was much stronger than the ps laser. It is mainly 
attributed to the stronger photothermal enhancement of the oxidation by the ns 
laser. More detailed investigation of the oxidation behavior is based on the ns 
laser ablation of dielectric films. It is found that the oxygen content increases with 
laser fluence. The oxidation behavior can be perfectly described by the Deal-
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Grove model with reasonable assumptions. We assume a linear relationship 
between oxygen atomic percentage and the oxide thickness, and between the 
laser fluence and the surface melting time. It is found that the oxide layer can be 
effectively removed by a HF etch. 
From the cross-sectional SEM imaging study, it is found that oxygen can 
hamper the p+ layer formation. The removal of oxygen atoms by a post-laser 
etching is beneficial for the p+ layer formation, and thus increases the open-





Chapter 7. Post Laser Treatment for Better Solar 
Cell’s Performance 
Post laser treatments are commonly used to improve the quality of laser 
processing and hence improve the solar cell’s performance. This chapter 
presents the effect of post laser treatment on the laser ablation and the 
subsequent metallization process. It is found that the post laser treatment 
effectively removes laser induced damage and it also has significant impact on 
the Al-Si local contact formation. 
 
7.1 Post laser treatment 
As discussed in Chapter 4, laser induced thermal effect plays an important or 
even decisive role in the ns and ps laser ablation of dielectric films (AlOx/SINx 
stack). Laser induced damage may not be negligible, because significant amount 
of defects can be generated due to the thermal induced stress. Although laser 
induced damage can be minimized by optimizing the laser parameters, the laser 
induced defects typically cannot be fully eliminated. To further improve the solar 
cell efficiency, post laser treatments can be applied to reduce or even eliminate 
the defects. Generally, there are two types of post laser treatments: heat and 
chemical treatments.  
Thermal annealing is one of the commonly used methods to reduce the 
number of defects in silicon. The thermal energy enables bond breaking in the 
material and facilitates the movement of atoms and defects, leading to the 
redistribution of the atoms and defects. Another benefit of thermal annealing is 
the relief of internal stresses, which is an extremely slow process at room 
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temperature. It can be significantly accelerated at a high temperature. Many of 
the mobile defects can be annihilated during extended annealing at high 
temperatures, but a possible side effect is significant dopant diffusion that can 
affect the device performance [155, 156]. Rapid thermal annealing is another 
high temperature annealing technique that can be used to repair the laser 
induced defects. It has a substantial reduction in dopant migration because the 
annealing time is relatively short (usually on a timescale of several seconds or 
less) in each thermal cycle [157, 158]. Annealing in a forming gas environment 
(mixture of nitrogen and hydrogen gas) is another annealing technique that is 
desirable for silicon wafer solar cells fabrication, because it repairs the damage, 
and at the same time it introduces hydrogen to the silicon bulk and the dielectric 
coatings [159]. Hydrogen is well-known for passivating defects in silicon wafer 
solar cell [160, 161]. 
On the other hand, chemical treatments can remove the defects by removing 
the damaged silicon layer. It depends on the chemical reactions between the 
etchant and the silicon. There are various etchants for etching of silicon: alkaline 
solutions such as potassium hydroxide (KOH) [162], tetramethyl-ammonium 
hydroxide (TMAH) [163], or ethylene diamine pyrocatechol (EDP) [164] and 
acidic solutions, such as HNA solution (mixture of  hydrofluoric, nitric, and acetic 
acids), mixtures of HNO3+NH4F in water and mixture of HNO3+HF in water [165]. 
Acidic solution is an isotropic etchant for silicon, but most of them also etch 
dielectric materials, such as silicon nitride and aluminium oxide, thus they are not 
always suitable for post laser etching. 
As compared to chemical treatment, thermal annealing requires additional 
processing equipment and cannot always fully remove laser induced defects. 
Furthermore, thermal treatments can even introduce new defects or extended 
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defects (dislocation loops and cluster of point defects) [155]. Hence, chemical 
post laser treatment was used in this study to remove laser induced damage. A 
KOH solution is selected as the etchant for the post laser chemical treatment due 
to its several advantages:  
1. KOH is non-toxic and much less hazardous than the typically used acidic 
solutions,  
2. KOH has been used frequently in the other solar cell fabrication processes 
such as saw damage etch and surface texturing. It is easier to be incorporated 
into the fabrication process. 
3. KOH is relatively cheap to achieve the cost-competitiveness of the solar cell. 
4. KOH has high selectivity of Si etching over typically used masking materials 
such as SiNx. It is suitable for selective etching of damaged silicon at the laser 
processed area. 
5. As an alkaline solution, NaOH has a similar etching behaviour as KOH, but it 
is often avoided due to the small size of the sodium ions and their detrimental 
penetration into the bulk of the silicon substrate as a metallic contamination [166]. 
It is less likely that the potassium ions can penetrate into the bulk of the silicon. 
As a preventive measure to clean up the possible residue of potassium ions on 
the silicon surface after the KOH etching, RCA cleaning and a short HF dip 
followed by a DI water rinse are generally applied. 
The silicon etching mechanism by alkaline solution is shown in Fig. 7.1. Initially, 
the silicon surface is terminated by hydrogen. Since the concentration of hydroxyl 
OH- ions in the alkaline solution is high, OH- ions can be easily adsorbed to the 
silicon surface. These OH- ions attack the silicon surface by replacing the 
adsorbed hydrogen atoms. After the replacement, the silicon atoms at the 
surface are now terminated with the OH group. At the same time, hydrogen 
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bubbles form. H2O is responsible for attacking the Si-Si bond which results in the 
removal of silicon atoms in the form of Si(OH)4 byproduct. The silicon atoms on 
the newly exposed layer are terminated by hydrogen. This new surface layer has 
the identical structure as the surface before the dissolution of one surface layer. 
Both OH- and H2O are the active species involved in the reaction [166].  
 
Figure 7.1: Steps involved in the etching of silicon by alkaline solution. 
 
7.2 Experiment 
Since the aim of post laser treatment is to reduce or even eliminate the laser 
induced damage, it is necessary to compare the quality of the laser processed 
samples before and after applying the post laser treatment. Experiments were 
conducted to study the effect of post laser etching. Investigations were carried 
out on the dedicated test samples and the Al local back surface field (Al-LBSF) 




7.2.1 Sample preparation 
Test samples were fabricated on 156 mm ×156 mm pseudosquare p-type Cz 
mono-Si wafers with a bulk resistivity of 1-3 Ωcm in a process sequence shown 
in Fig. 7.2. KOH was used to remove the saw damage from the raw wafers. After 
a standard Radio Corporation of America (RCA) clean with a final HF dip, the 
wafers were dried and a stack of aluminium oxide (AlOx) and silicon nitride (SiNx) 
was deposited by plasma-enhanced chemical vapour deposition (PECVD, SiNA-
XS, Roth & Rau) on both sides of the sample. The thickness of AlOx film was 
about 40 nm and the thickness of SiNx film was about 100 nm. These 
symmetrical test samples were used for the subsequent laser ablation process 
and post laser treatment. In the laser processing, each test sample featured a 
test pattern consisting of 25 boxes where different laser parameters were used 
for the dielectric ablation. Each box was ablated using a combination of laser 
fluence and pulse overlap ratio, as shown schematically in Fig. 4.4 in Chapter 4. 
A few identical ns- and ps-laser processed samples were made, i.e. these 
samples were fabricated with the same substrate material and the same process 
sequence and conditions until the laser processing. Then these samples were 
split into three groups. One group (Group A) of samples directly proceeded to HF 
etching to remove all the dielectric films, followed by surface cleaning and re-
passivation. This group of samples will be used as reference samples. The 
second (Group B) and third (Group C) groups of samples were etched in KOH for 
1 and 5 mins respectively directly after the laser processing. These samples 
were cleaned by the standard RCA cleaning to remove residual potassium ions. 
After the post laser treatment, these samples went through the same processes 
as Group A samples: HF etching, surface cleaning and re-passivation. In the re-
passivation process, a PECVD SiNx coating was deposited on both sides of the 
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sample to provide a high level of surface passivation quality. PL intensity imaging 
was employed to study laser induced damage to the silicon substrate by the re-
passivated samples. 
 
Figure 7.2: The fabrication process flow for the test sample. 
 
7.2.2 Estimation of KOH etching rate 
For a better control of the etching process, it is important to know the etch rate 
of Si in a KOH solution. A separate experiment was conducted to estimate the 
etching rate of KOH using full-size bare silicon wafers, which were similar as the 
wafers used for the test samples and the solar cells. The wafers were weighed 
before and after the KOH etching step. The etching rate R was calculated as:  
                                                   (7-1) 
where mbefore and mafter are the wafer mass before and after the post-laser etching, 












side of the wafer and etch the etch time. The total surface area of the wafer was 
estimated by twice of Awafer because the area at the edges of the wafer is 
negligible compared to the front or rear surface. In this experiment, these silicon 
wafers were etched in 10% KOH at 70 C. The etch rate of silicon in 10% KOH at 
70 C is thus determined to be 0.8 m/min. 
 
7.3 Effect on laser induced damage removal 
Specially designed samples as described in Section 7.2.1 were used to 
investigate the effect of post laser treatment on the laser induced damage. It is 
expected to effectively remove the laser induced damage by such chemical 
treatment. The samples were characterized by photoluminescence intensity 
imaging. 
 
7.3.1 Photoluminescence intensity imaging study 
As discussed in Chapter 4, PL intensity imaging can be used to study the laser 
induced damage to the underlying silicon. Symmetrical test samples that 
received different post laser treatment as described in Section 7.2.1 were 
characterized by PL intensity imaging. The PL intensity images taken after re-
passivation are shown in Figs. 7.3 and 7.4 for the ns- and ps-laser processed 
test samples, respectively. The PL intensity images show district areas with low 
and high intensities. Since SiNx provides a high level of surface passivation, the 
influence of the surface recombination on the images can be neglected. Hence, 
the PL intensity images predominantly reveal information from the bulk of the 
sample. Typically, low-intensity areas indicate a poor electronic quality, while 
areas with high intensity indicate a high electronic quality. It can be seen from 
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Figs. 7.3(a) and 7.4(a) (Group A samples) that some laser parameters lead to 
very poor PL intensities which indicate high degree of (remaining) laser-induced 
damage in that area. The detailed discussion of Group A samples was shown in 
Chapter 4.  
The effect of the post laser treatment can be observed by comparing the PL 
intensity images of the samples with different post laser treatment. For ns laser 
processed Group A samples as shown in Fig. 7.3 (a), the laser processed area 
(the boxes) can be easily distinguished from the non-processed area due to the 
degradation of the effective carrier lifetime and thus the drop of PL intensities. 
Group B samples were the intermediate samples between Groups A and C 
samples. By comparing the Groups B with A samples, the most prominent 
changes are located at the second and third columns of the laser ablated boxes. 
This indicates that the post laser treatment removed a large portion of total laser 
induced defects, which were located near the surface. At these boxes, the laser 
fluence used was in the medium range that is just enough for full ablation of the 
dielectric films and thus the heat spread is limited. The PL intensity remains low 
for the last column of boxes which were made by the laser ablation of the 
dielectric films at a high laser fluence. The laser induced defects at these boxes 
were not only densely distributed at the surface but also extended deep into the 
bulk due to the extensive spread of the heat. Apparently, the amount of the 
defects removed by 1 min KOH etching from the surface was only small portion 
of the total defects generated at the high laser fluence. For the Group C samples 
as shown in Fig. 7.3(c), the laser ablated patterns are almost indistinguishable 
because the PL intensity at the laser ablated area is comparable to the 
unaffected area. It shows that the 5 min KOH etching was already effective for 
the complete removal of laser induced damage. 
144 
 
For the ps laser processed samples, the increase in the PL intensity after post 
laser treatment is also observed in Figs. 7.4(b) and (c). It can be observed from 
Fig. 7.4(c) that 5 min KOH etching could remove the laser induced damage 
effectively at low to medium laser fluences (first three columns of boxes) because 
the laser ablated patterns are almost indistinguishable. However, when the laser 
fluence reached the upper limit of the medium fluence range (column 4) or higher 
(column 5), a 5 min KOH etching is insufficient for complete removal of the laser 
induced damage. This indicated the laser induced defects were located deeply in 
the silicon substrate as will be discussed in detail in Section 7.3.2. 
 
Figure 7.3: PL intensity images taken after SiNx re-passivation: (a) without post-
laser etching, (b) with 1 min post-laser etching, (c) with 5 min post-laser etching 
for 25 boxes opened with different ns-laser parameters. Rows 1-5 correspond to 
0, 10, 20, 40 and 60 % pulse overlap, respectively, while columns 1-5 correspond 
to laser fluences of 5.43, 7.21, 7.55, 8.42 and 8.83 J/cm2, respectively. The ns-





Figure 7.4: PL intensity images taken after SiNx re-passivation; (a) without post-
laser etching, (b) with 1 min post-laser etching, (c) with 5 min post-laser etching 
for 25 boxes opened with different ps-laser parameters. Rows 1-5 correspond to 
0, 10, 20, 40 and 60 % pulse overlap, respectively, while columns 1-5 correspond 
to laser fluences of 2.10, 2.28, 2.37, 3.11 and 3.49 J/cm2, respectively. The ps-
laser was operating at a wavelength of 532 nm and a pulse duration of 10 ps. 
 
The average PL intensity at each laser ablated box in the Figs. 7.3 and 7.4 was 
extracted and shown in Figs. 7.5 and 7.6 respectively. The PL intensity is plotted 
against laser fluence for ns laser processed test samples at various laser pulse 
overlap ratios (0% to 60%) with various post-laser etching time and the curves 
are shown in Figs. 7.5(a-c). Similarly, PL intensity vs. laser fluence curves of ps 
laser processed test samples with various post-laser etching time are shown in 
Figs. 7.6(a-c). These curves are plotted at various laser pulse overlap ratios. 
Since the PL intensity is directly linked to the effective carrier lifetime, the 
increase in PL intensity means the (partial) recovery of the effective carrier 
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lifetime. There are two general trends can be observed from Figs. 7.5 and 7.6. 
The first trend is that the higher the laser fluence, the lower the PL intensity. This 
can be easily explained by the increased thermal effect at the higher laser 
fluence, which generates more thermal induced defects in the material and 
hence lower the PL intensity. The second trend is the higher laser pulse overlap 
ratio, the lower the PL intensity. This is related to the increased incubation effect 





Figure 7.5: (a-c) PL intensity vs. laser fluence of ns laser processed test samples 





Figure 7.6: (a-c) PL intensity vs. laser fluence of ps laser processed test samples 
with various post-laser etching durations. 
 
Comparing the ns laser processed Groups A and B samples [Figs. 7.5(a) and 
(b)], the PL intensities of the boxes at the same position of the wafer are 
comparable. It shows that the 1 min KOH etch is insufficient for laser induced 
damage removal. The last column of boxes (the points at a laser fluence of 8.8 
J/cm2) shows extremely low PL intensity at 2,500 counts (arbitrary units), and 
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indicates severe laser induced damage in these areas. After 5 min KOH etching, 
(Group C samples) as shown in Fig. 7.5(c), the PL intensities at the laser ablated 
boxes show a significant improvement because the PL intensity increases to the 
range between 15,000 and 20,000 counts. This range of PL intensity is 
comparable to the non-processed areas. It shows a full recovery of the effective 
carrier lifetime for the ns laser processing at a wide range of laser fluence and 
pulse overlap ratio. The last column of points in Fig. 7.5(c) shows a deviation 
from the general trend because it is expected to have a lower intensity when the 
laser fluence applied is higher. However, the PL intensities of these points are 
slightly higher than expected. It can be observed from the spatially resolved PL 
intensity image of Fig. 7.3(c) that the PL intensities of non-processed areas were 
not uniform throughout the whole wafer. This is due to the non-uniformity of the 
substrate bulk material quality. The last column of boxes is located at the wafer 
area with a better silicon bulk quality. Therefore, the unexpected high PL intensity 
from these boxes is attributed to the high background PL signal from the bulk of 
the substrate. 
For ps laser processed samples, the two general trends are still held, i.e. a 
lower PL intensity at a higher laser fluence or higher pulse overlap. When the ps 
laser processed samples are compared with ns laser processed samples, there 
are a few differences in the change of the PL intensities with respect to the 
various laser parameters and post laser etching. Firstly, a strong laser pulse 
overlap ratio dependence is observed for the ps laser processed sample as 
shown in Fig. 7.6(a). In other words, the difference in the PL intensities is 
substantial in areas which were ablated by the same laser fluence but different 
laser pulse overlap ratios. This implies that the amount of laser induced defects 
increased significantly with laser pulse overlap ratio. In addition, it is observed 
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that PL intensities are less affected by pulse overlap ratio at a higher laser 
fluence. This is due to the suppressed incubation effect due to the sharply 
increased surface reflection after surface melting as discussed in Chapter 4. At 
60% laser pulse overlap, the substrate damage at a low laser fluence was 
already significant as the PL intensity is extremely low. The PL intensity is 
consistently low for a wide range of laser fluence. The PL intensity gap between 
different laser pulse overlap ratios gradually reduces as the post laser etching 
duration increases. It shows that the extra defects generated due to the 
incubation effect are most likely still located near the surface. After a 5 min KOH 
etch, the boxes that were ablated with relatively low laser fluence (column 1-3) 
are fully recovered. The second difference is that the boxes which were ablated 
by a ps laser at a relatively high laser fluence show a very slight increase in the 
PL intensity after 5 min KOH etch. This implies the generation of the defects by 
the ps laser ablation in the high laser fluence range (>3 J/cm2) is much deeper 
than the defects generated by the ns laser ablation in the high laser fluence 
range (>8 J/cm2). The result is unexpected because of the lower laser fluence 
applied and the smaller heat penetration in the case of the ps laser ablation. The 
estimation of the depth of the defects is necessary for further investigation on the 
mechanism of the defect generation. 
 
7.3.2 Estimation of the depth of laser damaged layer 
With the knowledge of the etching rate (0.8 m/min) and the etching duration 
(1 min or 5 min) of KOH, the etching depth can be estimated to be 0.8 and 4 m 
for 1 min and 5 min KOH etching, respectively. From the PL intensity images and 
curves of the test samples processed by the ns-laser with different post-laser 
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etching durations as shown in Figs. 7.3 and 7.5, it is found that the chosen ns-
laser parameters which cover a relatively wide range of laser fluence and laser 
pulse overlap cause laser-induced damage with a depth of 1-4 m. Since the 
estimated heat penetration depth of the ns laser pulse at p 40 ns is 3.8 m as 
discussed in Chapter 4, it fits well with the experimentally estimated depth of the 
damage layer. However, comparing the PL intenisty images and curves of ps-
laser processed test samples in Figs. 7.4 and 7.6, it is found that laser fluence 
which is higher than 3 J/cm2 can cause laser-induced damage with a depth of 
more than 4 m [columns 4 and 5 in Fig. 7.4(c)]. Apparently, thermal effect is not 
the sole damage mechanism because it is well-known that ultra-short pulse laser 
(i.e. ps-laser in this case) are considered to be more advantageous for laser 
ablation than a ns-laser due to the less thermal effect, In addition, the estimated 
heat penetration depth of the ps laser pulse at p 10 ps is only 0.06 m. As 
discussed in Chapter 5, ps laser ablation of dielectric films generates extremely a 
strong pressure wave that is able to propagate through the entire wafer, 
generating defects on the other side of the wafer. Therefore, it is very likely that 
the pressure wave creates defects inside the substrate at a depth of > 4 m. The 
laser induced pressure is much higher when the laser ablation is carried out 
under a “confined ablation” configuration as discussed in Chapter 5. The ablation 
of the dielectric films by the laser pulse is under the confined ablation 
configuration because the pressure is confined by the overlying dielectric films. In 
the case of overlapping laser pulses, since the first laser pulse is already able to 
remove the dielectric films, the subsequent laser pulses at the overlapped area 
are no longer under the confined ablation condition, leading to a substantial 
decrease in the laser induced pressure in the subsequent laser pulses. Therefore, 
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the depth of the laser induced damage is not so much dependent on the laser 
pulse overlap ratio, compared to the laser fluence as shown in Figs. 7.5(c) and 
7.6(c). Due to much higher laser induced pressure, the processing window of ps 
laser is tighter than ns laser and thus it needs better control of the laser fluence 
to suppress the generation of the defects deep in the silicon substrate.  
 
7.4 Effect on Al-Si contact formation 
In the previous section, it has been shown that the post laser treatment can 
effectively remove the laser induced damage. In this section, it is shown that the 
post laser treatment has a significant impact on the subsequent metallization 
process. 
 
7.4.1 Introduction to Al-Si contact formation 
In the Al-LBSF solar cell fabrication sequence as shown in Chapter 3, the 
process directly following the post laser treatment is the metallization of the solar 
cell. In this process, aluminum containing paste is screen printed on the full rear 
surface of the solar cell. Subsequently, the aluminum forms contact with the 
silicon substrate via the localized openings on the dielectric films made by laser 
ablation after a firing process. These localized Al-Si contacts are crucial for the 
collection of the charge carriers at the rear side of the LBSF solar cell. Hence, it 
is important to know whether the post laser treatment is beneficial or detrimental 
to the Al-Si contact. First of all, the Al-Si contact formation mechanism and the 
criteria for a good Al-Si contact need to be known.  
The Al-Si contact formation for conventional solar cell has been well studied. 
The process was described by J. Krause et al. [144] and is illustrated in Fig. 7.7. 
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As the temperature increases, the organic solvent in the Al paste dries out. When 
the temperature increases to 660 C, Al melts and starts to dissolve Si from the 
surface to form a liquid Al-Si phase. The Si concentration in the liquid phase 
increases to the maximum when a peak temperature is reached. The Si in the 
liquid phase partially diffuses back during the cooling stage according to the solid 
solubility. A eutectic layer containing fixed composition of Al and Si is formed 
when the temperature is reduced to the eutectic temperature of 577C with a 
highly Al-doped Si layer between the eutectic layer and the bulk silicon. This 
heavily Al-doped Si layer (p+ layer) was named as back surface field (BSF) by 
Mandelkorn et al. [167]. Thus, a high low junction (p-p+) is formed. The formation 
of the BSF layer (hereafter referred to as the p+ layer) is most important in the Al-
Si contact formation. The p+ layer is critical and beneficial for both the Al-BSF 
solar cells and the Al-LBSF solar cells because it improves both the Voc and FF 
significantly [168, 169]. The improved Voc is mainly attributed to the high-low 
junction. The strong electric field at the high-low junction repels the minority 
carriers away from the p+ region, creating greater asymmetry between the 
minority and majority carriers. Thus, the rear surface recombination is greatly 
reduced. In addition, the heavy doping in the p+ region reduces the contact 
resistance, which contributes to the series resistance of the solar cell and hence 





Figure 7.7: Schematic illustration of the Al-Si alloying process [144]. 
 
The Al-Si interaction in the case of LBSF solar cell is different due to the 
restricted contact interface through the narrow openings on the dielectric films. 
Due to the higher solubility of Si in Al than that of Al in Si [170], more Si atoms 
diffuse into the Al than the Al atoms into the Si during the inter-diffusion. It is 
found that the Si atoms, which are diffused into the Al, spread laterally [146] after 
they become saturated in the Al that near the contact interface as shown in Fig. 
7.8. The lateral spread of Si in the Al follows Fick‟s law of diffusion. Kircher and 
McCaldin et al. observed a reduction of Si concentration in the Al layer near the 
contact opening and they attributed it to the Si in the Al layer which diffuses back 
during cooling and grows epitaxially on the Si surface [145, 171]. Large amount 
of vacancies are generated during inter-diffusion of two elements with different 
diffusivities. The vacancies can coalesce in the melt, leading to the formation of 
Kirkendall voids [172, 173]. Urrejola [174] has summarized four factors that 
contribute to the formation of voids. The first factor is the Kirkendall effect due to 
different diffusivities of Si and Al. The second factor is the concentration of Si in 
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the Al layer is too low and the diffusion of Si back through the interface is not 
strong enough to form the eutectic layer and the p+ layer. The third factor is the 
amount of Al may be too large and it is account for the strong mass transport of 
the Al-Si melt during the alloying. The last factor is the fast cooling because the 
Al-Si system follows the phase diagram only at the equilibrium condition. 
 
 
Figure 7.8: Schematic drawing of Al-SI local contact. 
 
7.4.2 Effect on LBSF formation 
The impact of post laser treatment on the contact formation for Al-LBSF solar 
cells was investigated by a cross-sectional SEM imaging. The Al-LBSF solar 
cells were fabricated using the process sequence shown in Chapter 3. A half of 
these solar cells were fabricated with optimized ns or ps laser parameters without 
post laser treatment, while the other half of the solar cells received post laser 
treatment after the laser processing. After measured the I-V characteristics of 
these fully processed solar cells, these solar cells were cleaved so that the cross 
section was available for further analysis. 
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A stain etching or HNA etching (by a solution of HF, HNO3 and CH3COOH) 
was applied on the cross section of the cleaved solar cell samples. The HNA 
solution is an isotropic etchant of silicon. The etch rate is highly dependent on the 
doping concentration. The etch rate is 1-3 m/min for dopant concentration 
above 1018 cm-3, while the etch rate drops by a factor of 150 for dopant 
concentration below 1017 cm-3 due to a lower mobile carrier concentration for the 
electrochemical reactions [175]. Hence, the highly doped p+ region will be etched 
more rapidly. This preferential etching method is typically used to reveal the 
presence of a p+ layer, i.e. the LBSF layer. Cross-sectional SEM images revealed 
that for the solar cells processed by an ns laser, the p+ layer appeared to be 
remarkably different for solar cells with and without the post-laser treatment. For 
the solar cell samples which received no post-laser KOH etching, a very thin or 
undetectable p+ layer was observed, whereas the solar cell samples with post-
laser etching had a well-defined p+ layer as shown in Fig. 7.9. As discussed in 
Chapter 6, the absence of p+ layer in the ns laser processed samples can mainly 
be attributed to the enhanced laser induced oxidation during surface melting. The 
oxidized layer inhibits the formation of the p+ layer. For ps laser processed 
samples, the formation p+ layer was not significantly different between the solar 
cells with and without the post laser treatment. This is because of limited 
oxidation due to the suppressed thermal effect. Nevertheless, a slight increase in 
the p+ layer thickness was observed if the solar cell has received post laser 
treatment. The post-laser etching assisted the removal of the oxidized layer, 





Figure 7.9: Cross-sectional SEM images of ns-laser processed and stain etched 
LBSF cells (a) without post-laser etching, and (b) with post-laser etching. 
 
7.4.3 Effect on void formation 
As discussed in the previous Section 7.4.1, the formation of voids can take 
place at the localized Al-Si contact. Our cross-sectional SEM images show that 
the laser processed solar cells with post-laser treatment have a higher number 
density of voids at the Si-Al local contacts. The void density is determined by 
directly counting the number of the voids divided by the total number of the local 
contacts. Figure 7.10 shows the cross-sectional SEM images of typical voids in 
the Al-LBSF solar cell. However, since the size of the sample prepared for the 
cross-sectional SEM characterization is small, only a limited number of the Al-Si 
local contacts can be evaluated. Hence, it is not a representative result of the 
whole solar cell. A characterization technique with the ability to obtain large area 





Figure 7.10: Cross-sectional SEM images of typical voids in the Al-LBSF solar 
cells: (a) a full void that covers the entire local contact and (b) a void that covers 
part of the local contact. The contact opening is indicated by the white dotted 
lines. 
 
Electroluminescence (EL) imaging [176, 177] is strongly affected by the series 
and shunt resistance of a solar cell and thus it is often used to characterize the 
disconnected electrical contacts, such as a broken metal finger or bus bar on the 
front surface of the solar cell. Voids are detrimental to the solar cell‟s 
performance because they prevent the electrical contact between Si and Al. 
Hence, EL intensity imaging is suitable to analyze the distribution of the voids in 
the solar cell. Excess carriers are injected by applying a voltage across the solar 
cell in EL imaging. Photons are emitted during the radiative recombination of 
these excess carriers. EL imaging was used by Urrejola et al. to characterize the 
voids in solar cells [178]. We have also employed this technique to characterize 
the distribution of the voids. The EL images of two different solar cells are shown 
in Fig. 7.11: the first solar cell received a post laser treatment (5 min KOH 
etching) after the laser processing, while the second solar cell had no post laser 
treatment. All the other process conditions were kept identical to eliminate the 
possible influence on the void formation due to other process conditions. It is 
observed that the solar cell shows local areas with low EL signals which appear 
dark in the EL image. There are 3 distinctive dark lines which can be easily 
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recognized as the 3 bus bars because they block the detection of the 
luminescence signal coming from the bulk of the silicon. There are also randomly 
distributed dark lines with different lengths and widths. Apparently, these 
randomly distributed dark lines are not the metal fingers because the fingers are 
perpendicular to the bars bar. These dark lines can be attributed to the 
disconnected electrical contact at the rear of the solar cell due to the formation of 
the voids. The series resistance (Rs) images of these two solar cells are shown in 
Fig. 7.12. The void area in the EL images matches the high series resistance 
area in the Rs images. It is as expected because the electricity flow is restricted 
by the voids in that area. The restriction depends on the size of the void because 
the void can be located at the entire Al-SI local contact as shown in Fig. 7.10 (a) 
or a part of the contact as shown in Fig. 7.10 (b). The average series resistance 
near the voids is 2-3 times higher than the normal area of the solar cell. 
 





Figure 7.12: Series resistance images of solar cell (a) with and (b) without post 
laser treatment. 
 
By comparing the EL images of the solar cells in Figs 7.11(a) and (b), it was 
found that the void density in the solar cell with post laser treatment is 
significantly increased. This phenomenon is attributed to the removal of silicon 
during the post laser treatment. The silicon at the contact opening area is etched 
by the KOH solution. The removal of silicon creates a crater with a depth of 4 
m for 5 min KOH etching. The crater is subsequently filled by Al containing 
paste during a screen print process. Since a constant pressure is exerted on the 
wafer during the screen printing, the average thickness of the Al layer is 20 m, 
where as the Al layer thickness at the contact area is larger by 4 m as shown 
in Fig. 7.13. This means that the amount of Al involved in the Al-SI alloying 
process is increased by 20%. Studies have shown that the Al amount is 
responsible for the mass transport, and if the amount of Al is increased, the 
penetration of the alloy into the Si bulk can be significantly increased [174]. 
Larger amount of the Si atoms diffuse first into the Al layer at the contact area 
and then spread laterally in the Al layer during the alloying process. Hence, 
larger number of vacancies are generated during the Si‟s diffusion into the Al 
layer. In addition, these Si atoms have to travel a slightly longer distance during 
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the back diffusioin for the epitaxial regrowth to the Si surface when the 
temperature is cooling down. As a result, the chance of void formation is 
increased by the generation of the larger number of vacancies and the 
insufficient back diffused silicon for the eutectic and the p+ layer formation due to 
the lateral spread of the Si in the Al. Therefore, the removal of Si during the post 
laser treatment should be kept minimal to suppress the effect on the void 
formation. 
 
Figure 7.13: Schematic drawing of the sample structure after the Al screen print 
step. 
 
7.5 Impact of post laser treatment on the solar cell’s 
performance 
Table 7.1 summarises the average electrical performance results of the ps and 
ns laser processed solar cells with standard deviation. The average values were 
taken from at least 5 cells of the same batch. As a comparison, some of the solar 
cells had gone through a post laser treatment after the laser processing. The 
post laser treatment includes 5 min KOH etching, RCA cleaning, HF dip and DI 
water rinse. In total, there are 4 groups of solar cells for comparison: groups A 
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and B solar cells were fabricated by the ns laser without and with the post laser 
treatment respectively; whereas groups C and D solar cells were fabricated by 
the ps laser without and with the post laser treatment respectively. 
Significant efficiency improvement is observed for the ns laser processed solar 
cells after the post laser treatment by comparing the results of the solar cells 
from groups A and B. The increase by about 0.5% absolute efficiency suggests 
that the post laser treatment is a crucial step after the ns laser ablation for the 
conditions used in this work. On the contrary, the post laser treatment has no 
significant impact on the solar cell efficiency for ps laser processed solar cells. 
For the ns laser processed Al-LBSF solar cells (solar cells from groups A and 
B), the average open-circuit voltage raises from 607 mV to 632 mV with the help 
of the post-laser treatment, This significant improvement is due to the removal of 
both laser induced damage and laser induced oxidized layer. As shown in 
Chapters 6 and 7, the removal of the oxidized layer is beneficial for the formation 
of the LBSF layer. In addition, it is shown in Chapter 7 that the 5 min KOH etch 
can effectively remove the entire laser damaged layer when the optimized ns or 
ps laser parameters are applied. This Voc value (632 mV) of solar cells from 
group B is close to the Voc of the solar cells from group D (634 mV). The Voc of 
group C solar cell was almost identical to group D solar cells. It indicates 
negligible negative impacts from the optimized ps laser processing. 
An increase in the short circuit current after the post laser treatment was 
observed for both the ps and ns laser processed solar cells. This is probably due 
to the increased charge collection at the rear Al-Si local contacts, which is 
improved by the post laser treatment. A significant drop in the fill factor (more 
than 1% absolute) after the post laser treatment was observed. The increased 
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void formation after the post laser treatment (as discussed in Section 7.4.3) was 
expected to be responsible for this drop in the fill factor. 
  












FF [%] Eff [%] 
A ns laser No 607  1 37.7  0.2 77.6  0.2 17.8  0.1 
B ns laser Yes 632  5 38.1  0.1 76.0  0.5 18.3  0.3 
C ps laser No 634  3 38.0  0.1 77.4  0.2 18.6  0.1 
D ps laser Yes 635  2 38.3  0.1 76.3  0.4 18.6  0.1 
 
7.6 Summary 
In this chapter, post laser treatment is used to further improve the quality of 
laser processed solar cells‟ performance. It is found that the post laser treatment 
effectively removes the laser induced damage. By conducting a special designed 
experiment, the depth of the laser induced damage can be estimated under a 
controlled etch rate and etch duration. It is also found that the post laser 
treatment has significant impact on the Al-Si LBSF contact formation. The 
formation of the p+ layer can be significantly improved, which is mainly attributed 
to the removal of a laser induced oxidized layer. However, it is found that the 
etch duration needs to be minimized to suppress the void formation. Therefore, 
the post laser etch duration should be well controlled to strike a balance between 
the removal of the laser induced damage and the probability of void formation. 
The I-V characteristics of the solar cells shows that the post-laser treatment is 
crucial for the ns laser processed solar cells to obtain high solar cell efficiency, 




Chapter 8. Al-LBSF Solar Cell’s Performance  
The industrial feasible fabrication process sequence of the Al local back 
surface field (Al-LBSF) and the Al back surface field (Al-BSF) solar cell are 
described in Chapter 3. The effects of laser processing and post laser treatment 
are investigated based on test samples and solar cells. The results are presented 
in Chapters 4 to 7. Since the ultimate goal is to fabricate high efficiency silicon 
wafer solar cells with advanced laser processing, it is important to minimize or 
eliminate the detrimental effects of laser related processes to maximize the final 
solar cell’s performance. In this chapter, the I-V characteristics of the best Al-
LBSF solar cells fabricated will be presented. A detailed loss analysis for the 
solar cell will be shown to indicate the area for further improvement. The 
performance of a typical Al-BSF solar cell will also be presented for comparison. 
 
8.1 Al-LBSF solar cell’s performance 
Al-LBSF solar cells were fabricated on 156 mm × 156 mm p-type Cz silicon 
wafers using the process flow described in Chapter 3. Optimized laser 
parameters were used for the fabrication of Al-LBSF solar cells. A line-shaped 
dielectric opening pattern was implemented by overlapping laser pulses. Table 
8.1 shows our best results achieved as yet for the laser processed Al-LBSF solar 
cells. A maximum efficiency (Eff) of 19.1%, an open-circuit voltage (Voc) of 633 
mV, a short-circuit current density (Jsc) of 38.9 mA/cm
2 and a fill factor (FF) of 
77.5% was achieved for the best laser processed Al-LBSF solar cell. This solar 
cell was fabricated with a ps laser at the optimized laser parameters. No post 
laser treatment was applied. Vmp and Jmp are the voltage and the current density 
at the maximum power point (MPP) respectively. To understand the performance 
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of the solar cell in detail the SERIS “solar cell loss analysis” was applied to the 
champion solar cell [179]. This method involves a number of high-precision 
measurements, such as one-Sun light I-V, dark I-V, Suns-Voc, reflectance, cell 
area, metal fraction and EQE measurements. Some of the parameters are 
directly derived from the measurements, such as series resistance, shunt 
resistance, ideality factor and diode saturation current density. The measured 
and the derived parameters of the best Al-LBSF solar cells are summarised in 
Table 8.1. WAR1000 and WAR1000,aa are the weighted front surface reflectances of 
the entire solar cell and the active area respectively, in the 300-1000 nm 
wavelength range. fmetal is the metal fraction on the front side of the solar cell. The 
shunt resistance Rshunt was determined from a linear fit of the low voltage range 
in the dark I-V curve (+50 mV to -50 mV). The series resistance at the MPP Rs.light 
was determined from the voltage difference between the dark and one-Sun I-V 
curves [180]. The ideality factor neff and diode saturation current density J0.eff 
were determined from the Rs-corrected light I-V curve. The pseudo fill factor pFF 
of the solar cell was determined from Suns-Voc measurements [74]. 
 
Table 8.1: Measured and derived parameters of the champion ps laser 
processed Al-LBSF solar cell. 
Area (cm2) 237 Voc (mV) 632.9 p-FF (%) 82.2 
fmetal (%) 7.99 Jsc (mA/cm
2) 38.9 Rs.light (cm
2) 0.95 
WAR1000 (%) 7.7 Vmp (mV) 523.7 Rshunt (kcm
2) 46 
WAR1000,aa (%) 1.76 Jmp (mA/cm
2) 36.4 neff 1.05 
Eff (%) 19.1 FF (%) 77.5 J0.eff (A/cm






Table 8.2: Loss analysis at the maximum power point of the champion ps laser 
processed Al-LBSF solar cell. 
LOSS MECHANISM Full area 
Current loss (mA/cm2) Power loss (mW/cm2) 
Optical loss (up to  = 1200 
nm): 
5.6 2.9 
Metal shading 3.7 1.9 
Front surface reflectance (active 
area) 
0.8 0.4 
Front surface escape 1.1 0.6 
Resistance loss: N.A. 1.3 
Series resistance N.A. 1.3 
Shunt resistance 0.0 0.0 
Recombination loss: 5.3 2.8 
Non-perfect IQE (up to λ = 1200 
nm) 
3.1 1.6 
Forward-bias current at MPP 2.2 1.1 
Total loss: 10.9 7.0 
 
Several loss mechanisms of the solar cell are listed in Table 8.2, including 
optical, resistance and recombination losses. The optical loss includes the 
shading effect of the front metal fingers and busbars, front surface reflectance of 
the active area of the solar cell and the light which escapes from the front surface 
of the solar cell. The resistance loss includes the series and shunt resistances of 
the solar cell. The recombination loss includes the non-perfect internal quantum 
efficiency (IQE) and the forward-bias current at the one-Sun maximum power 
point. The total current loss at the one-sun maximum power point is 11 mA/cm2 
as shown in Table 8.2. Since the measured current density at the one-Sun 
maximum power point is 36.4 mA/cm2, the total current density of this solar cell 
would add up to 47.3 mA/cm2 and this is in good agreement with the maximum 
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current density available from the AM1.5G spectrum for wavelengths up to 1200 
nm. Another important part of the loss analysis listed in Table 8.2 is the power 
loss. The pie chart of the relative contributions of the loss mechanisms to the 
power loss is shown in Fig. 8.1. The most dominant loss mechanism is the metal 
shading, followed by the non-perfect IQE, series resistance and forward-bias 
current at MPP. These four mechanisms contribute to 85.8% of the total power 
loss. This advanced solar cell loss analysis method effectively identifies the 
obstacles to achieve a higher efficiency of the solar cell. It is crucial for further 
optimizing the corresponding fabrication processes and the structural design of 
the solar cell. 
  
Figure 8.1: Pie chart of the contribution of the various loss mechanisms to the 
power loss of the solar cell.  
 
Spatial information of the solar cell‟s properties is presented by 
photoluminescence (PL), electroluminescence (EL) and series resistance images 
as shown in Fig. 8.2. From these images, the spatial resolved electrical 
properties of the solar cell can be evaluated. The disconnected or poor electrical 
contacts on the solar cell, such as the broken fingers on the front side of the solar 
cell and the voids at the rear side of the solar cell, can be identified as shown in 
Figs. 8.2(a) and (b). The poor electrical contact area shows a high series 
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resistance in Fig. 8.2(c). The typical pattern of voids only presents on the 
luminescence images of Al-LBSF solar cells. 
 
Figure 8.2: (a) Measured PL intensity image, (b) measured EL intensity image 
and (c) derived series resistance image of the champion Al-LBSF solar cell. 
 
A maximum efficiency of 19.0%, a Voc of 628 mV, a Jsc of 38.4 mA/cm
2 and a 
FF of 78.6% has been achieved for the ns laser processed Al-LBSF solar cell. 
This efficiency is close to the best ps laser processed Al-LBSF solar cell. Post 
laser treatment was the crucial step to achieve such a high efficiency for the ns 
laser processed Al-LBSF solar cell for the laser conditions used in this work. 
As a comparison to the Al-LBSF solar cells, the performance of the Al-BSF 
solar cell will be presented. The detail parameters and the loss analysis results of 
a typical Al-BSF solar cell fabricated at SERIS were presented in ref [179]. This 
Al-BSF solar cell was fabricated a few months earlier than the Al-LBSF solar 
cells. At the time when the Al-LBSF solar cells were fabricated, the average and 
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the maximum efficiency of Al-BSF solar cells were 18.1% and 18.3% respectively. 
The I-V characteristics of these Al-BSF solar cells are similar to the one 
presented in the reference. As a comparison to the Al-LBSF solar cell, the 
measured and derived parameters of the Al-BSF solar cell are listed in Table 8.3 
and the loss analysis results are listed in Table 8.4. The Al-LBSF solar cell 
efficiency is 1.0 % absolute higher than the Al-BSF solar cell due to the 
improved Voc (8.5 mV) and Jsc (1.9 mA/cm
2). The Al-LBSF solar cell has better Jsc 
due to the 1.7 mA/cm2 lower current loss which is mainly attributed to the better 
IQE result (more absorption of the long wavelength photons). The improved Voc 
is mainly attributed to the reduced rear surface recombination. The series 
resistance of the Al-LBSF solar cell is 0.95 cm2 which is 0.34 cm2 higher than 
that of the Al-BSF solar cell. This is mainly attributed to the reduced metal 
contact area and the formation of voids at the rear of the Al-LBSF solar cell. The 
lower FF of the Al-LBSF solar cell is mainly attributed to the increased series 
resistance. 
 
Table 8.3: Measured and derived parameters of an Al-BSF solar cell [179]. 
Area (cm2) 238.5 Voc (mV) 624.4 p-FF (%) 82.2 
fmetal (%) 7.31 Jsc (mA/cm
2) 37.0 Rs.light (cm
2) 0.61 
WAR1000 (%) 6.67 Vmp (mV) 524.8 Rshunt (kcm
2) 2.4 
WAR1000,aa (%) 2.57 Jmp (mA/cm
2) 34.6 neff 1.12 
Eff (%) 18.1 FF (%) 78.6 J0.eff (A/cm








Table 8.4: Loss analysis of the Al-BSF solar cell [179]. 
LOSS MECHANISM Full area 
Current loss (mA/cm2) Power loss (mW/cm2) 
Optical loss (up to  = 1200 
nm): 
5.2 2.7 
Metal shading 3.4 1.8 
Front surface reflectance 
(active area) 
1.4 0.7 
Front surface escape 0.4 0.2 
Resistance loss: N.A. 0.8 
Series resistance N.A. 0.7 
Shunt resistance 0.2 0.1 
Recombination loss: 7.2 3.8 
Non-perfect IQE (up to λ = 1200 
nm) 
5.1 2.7 
Forward-bias current at MPP 2.2 1.1 
Total loss: 12.6 7.3 
 
8.2 Summary 
High efficiency of 19.1% was achieved on ps laser processed AL-LBSF solar 
cell. The performance and the detailed loss analysis of the best laser processed 
Al-LBSF solar cells are presented. Similar efficiency of 19.0% has been achieved 
by the ns laser processed Al-LBSF solar cell. Post laser treatment was not 
included in the fabrication of the ps laser processed AL-LBSF solar cells. On the 
other hand, it is an essential processing step for the ns laser processed AL-LBSF 
solar cell. The different performance and the loss mechanisms of the Al-LBSF 
and Al-BSF solar cells are compared. It is shown that the solar cell‟s 
performance can be greatly improved by employing the LBSF solar cell structure. 
The average efficiency of standard Al-BSF solar cells was 18.0%. By using the 
Al-LBSF solar cell structure and optimized laser processing, the average solar 
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cell efficiency was increased to 18.6%. Hence, the anticipated improvement in 
the efficiency after laser processing (Al-LBSF solar cells) is 0.6% absolute. 
However, some process optimizations are still required to further improve the 




Chapter 9. Conclusions and Future work 
9.1 Conclusions 
The research conducted in this thesis focused on the laser ablation of dielectric 
films for the localized contacts at the rear of aluminium local back surface field 
(Al-LBSF) solar cells. The work presented in this thesis can be broken down in 
three areas. Firstly, the development and optimization of laser processes in order 
to improve the performance and reduce the manufacturing cost of industrial type 
Al-LBSF silicon wafer solar cells. Secondly, the investigations of fundamental 
mechanisms of the interaction between lasers and materials relevant for the Al-
LBSF solar cells are presented. Finally, the method to mitigate the detrimental 
effects caused by laser ablation by post laser treatment is presented. The 
following list summarizes and concludes the research work in this thesis: 
1. The ns and ps laser ablation of dielectric films for Al-LBSF solar cell was 
investigated and compared. Difference in the laser ablation characteristics and 
mechanism of these two types of lasers are presented and discussed. The laser 
parameters, particularly laser fluence and pulse overlap, are optimized for 
industrial applications. It is found that the ps laser is more suitable for the laser 
ablation of the dielectric films because it has a significant reduction of the thermal 
effect. The performance of the Al-LBSF solar cells fabricated by the ns and ps 
lasers are also studied and compared. The better performance of the ps laser 
was also demonstrated from the I-V characteristics of the solar cell. 
2. A special laser induced damage mechanism was identified during the laser 
ablation of dielectric films. It is the first time shown that certain laser processing 
parameters can result in an undesired and detrimental rear surface spallation 
effect at the textured front surface. Photomechanical effects are responsible for 
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this special type of laser induced damage. Laser ablation causes the formation of 
shock waves which decay into pressure waves propagating in the silicon to the 
opposite surface. Confinement of the pressure waves at the upright pyramids of 
the front surface of the solar cell wafer was the root cause for this enhanced rear 
surface spallation effect. The enhancement of the pressure by the pyramids is 
about three times. This phenomenon only occurs during the ps laser ablation of 
dielectric films when the laser fluence exceeds a certain threshold. Solar cell I-V 
characteristics show that this effect is extremely detrimental to the solar cell‟s 
performance. 
3. Photomechanical effect can be significant during ultrashort pulse laser 
ablation of dielectric films if a high laser fluence is applied. The interference of 
the incident and reflected stress waves generates a standing wave near the 
surface. The position at the strongest tensile stress of the standing wave causes 
the distortion and plastic deformation of the lattice. Due to the high penetration of 
the stress waves, the laser induced damage can even be located deep inside the 
bulk. 
4. Oxidation of silicon surface takes place during the laser ablation of dielectric 
films but this effect is often neglected. Laser induced oxidation of silicon by the 
ns and ps lasers during the ablation of dielectric films was first time investigated 
and compared. The oxidation is more significantly enhanced by ns laser than ps 
laser. The enhancement of oxidation by the ns laser is mainly attributed to 
photothermal effect, especially the surface melting. The ns laser induced 
oxidation behavior can be explained by Deal-Grove model. The oxide layer 
inhibits the formation of the local back surface field layer (p+ layer). This layer is 
vital for reducing the recombination at the rear contact. The strong oxidation 
induced during ns laser ablation of the dielectric films causes the absence of the 
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p+ layer at some of the local rear contacts in the solar cells. The open circuit 
voltage is reduced significantly due to this effect. The removal of the oxide layer 
is essential to achieve high efficiency of the ns laser processed Al-LBSF solar 
cell.  
5. Post laser treatment by KOH etching of silicon was used to mitigate the 
detrimental effects induced by laser ablation. It is found that the post laser 
treatment can effectively remove the laser induced damage. The main indication 
is the recovery of effective lifetime of the sample after the post laser treatment. 
The depth of the laser induced damage can be estimated under a controlled etch 
rate and etch duration. A well-defined p+ layer is formed after the post laser 
treatment. However, it is found for the first time that a long etch duration 
significantly increases void formation after an industrial co-firing process. The 
voids cause a drop in the fill factor of the solar cell. The increased void formation 
is mainly attributed to the removal of the silicon by KOH etching at the laser 
ablated area. Hence, the post laser etch duration should be well controlled to 
remove laser induced damage without significantly increasing the number of 
voids formed at the rear local contacts. 
6. High efficiency up to 19.1% has been demonstrated on Al-LBSF type of 
silicon wafer solar cells. This result was comparable to the best reported 
efficiency of the solar cell with the same cell structure at that time.  Average 
efficiency improvement by 0.6% (absolute) was achieved by Al-LBSF solar cells 
comparing to Al-BSF solar cells. Advanced loss analysis shows the solar cells 






9.2 Future work 
The lasers used in this thesis have pulse durations in ns and ps range. It would 
be interesting to study laser ablation of dielectric films by fs laser pulses as well. 
The laser-material interaction can be significantly different when fs lasers are 
used to ablate dielectrics. Nominally, “cold ablation” of the dielectric films can 
only be achieved by fs laser pulses and thus fs laser ablation is of high interest to 
the PV industry provided that the prices for fs reduce significantly. In the case of 
laser ablation for rear contacts in Al-LBSF solar cells, the final solar cell efficiency 
is not extremely sensitive to the laser processing because laser induced damage 
can be partially “healed” by the Si-Al alloying. In the other cases, when the laser 
ablation is applied to create contact opening for front side metallization or 
selective emitter, the final solar cell efficiency can be more easily affected by the 
laser processing. Hence, fs laser ablation of dielectric films has a greater 
potential in these applications. 
This thesis work shows that photomechanical effect can be significant in 
ultrashort pulse laser ablation of dielectric film. The generated stress wave can 
cause lattice distortion which results in a fringe-like pattern. It would be 
interesting to further investigate the behaviour of the stress waves. It would also 
be interesting to investigate this issue by using thinner wafers, which have less 
attenuation of the stress waves. The photomechanical effect by fs laser ablation 
of dielectric film would also be interesting to investigate. The high peak intensity 
and short pulse duration of the fs laser potentially lead to high laser induced 
pressure. However, multi-photon absorption can be significant in the fs laser 
ablation of dielectric films. It may lead to the direct ablation of the dielectric films 
instead of confined ablation. It implies a lower laser induced pressure. In addition, 
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the suppressed plasma generation due to the extremely short laser pulse 
duration suggests a lower laser induced pressure as well. 
Since the Al-LBSF solar cell structure mainly focuses on improving the rear 
side structure of the solar cell, a new solar cell structure, selective emitter solar 
cells, can improve the front side of the solar cell. Selective emitter can be 
implemented on the Al-LBSF solar cell to further improve the efficiency. The 
formation of the selective emitter can be realized by laser doping. Hence, the 







[1] "GLOBAL MARKET OUTLOOK: For Photovoltaics 2013-2017," European 
Photovoltaic Industry Association, 2013. 
[2] "Renewable energy technologies: Cost analysis series, Volume 1: Power Sector, 
Issue 4/5, Solar Photovoltaics," International Renewable Energy Agency, 2012. 
[3] D. M. Powell, M. T. Winkler, H. Choi, C. B. Simmons, D. B. Needleman, and T. 
Buonassisi, "Crystalline silicon photovoltaics: a cost analysis framework for 
determining technology pathways to reach baseload electricity costs," Energy & 
Environmental Science, vol. 5, pp. 5874-5883, 2012. 
[4] J. Knobloch, A. Aberle, and B. Voss, "Cost effective processes for silicon solar 
cells with high performance," in proceedings of 9th EU PVSEC, Freiburg, 
Germany,  1989. 
[5] T. Roder, P. Grabitz, S. Eisele, C. Wagner, J. Kohler, and J. Werner, "0.4% 
absolute efficiency gain of industrial solar cells by laser doped selective emitter," 
in proceedings of 34th IEEE PVSC , 2009, pp. 000871-000873. 
[6] T. Fellmeth, M. Menkoe, F. Clement, D. Biro, and R. Preu, "Highly efficient 
industrially feasible metal wrap through (MWT) silicon solar cells," Solar 
Energy Materials and Solar Cells, vol. 94, pp. 1996-2001, 2010. 
[7] E. V. Kerschaver and G. Beaucarne, "Back‐contact solar cells: a review," 
Progress in Photovoltaics: Research and Applications, vol. 14, pp. 107-123, 
2006. 
[8] M. Ametowabla, A. Esturo-Breton, J. Kohler, and J. Werner, "Laser processing 
of crystalline silicon solar cells," in proceedings of 31st IEEE PVSC, 2005, pp. 
1277-1280. 
[9] L. Li, Y. Lu, D. Doerr, D. Alexander, J. Shi, and J. Li, "Fabrication of 
hemispherical cavity arrays on silicon substrates using laser-assisted 
nanoimprinting of self-assembled particles," Nanotechnology, vol. 15, p. 333, 
2004. 
[10] F. Colville. (March/April 2009) "Laser processing enables high-efficiency 
silicon-cell concepts". Photovoltaics World. Available: 
http://www.coherent.com/Downloads/PV_world.pdf 
[11] F. Colville. (2010) "Solar industry laser spending to top $300M". Available: 
http://www.industrial-lasers.com/articles/print/volume-250/issue-5/features/solar-
industry-laser-spending-to-top-300m.html 
[12] G. Emanuel, E. Schneiderlochner, J. Stollhof, J. Gentischer, R. Preu, and R. 
Ludemann, "High throughput laser isolation of crystalline silicon solar cells," in 
proceedings of 17th EU PVSEC, Munich, Germany, 2001, pp. 1578–1581. 
[13] A. Hauser, G. Hahn, M. Spiegel, H. Feist, O. Breitenstein, J. P. Rakotoniaina, et 
al., "Comparison of different techniques for edge isolation," in proceedings of 
17th EUPVSEC, Munich, Germany, 2001, pp. 1739-1742. 
[14] A. Schneider, R. Kopecek, G. Hahn, S. Noel, and P. Fath, "Comparison of 
gettering effects during phosphorus diffusion for one- and double-sided 
emitters," in proceedings of 31st IEEE PVSC, 2005, pp. 1051-1054. 
[15] D.-H. Neuhaus and A. Münzer, "Industrial Silicon Wafer Solar Cells," Advances 
in OptoElectronics, 2007. 





[17] M. A. Green, A. W. Blakers, S. R. Wenham, S. Narayanan, M. R. Willison, M. 
Taouk, et al., "Improvements in Silicon Solar Cell Efficiency," in proceedings of 
18th IEEE PVSC, USA, 1985. 
[18] N. Mason, A. Artigao, P. Banda, R. Bueno, J. Fernandez, C. Morilla, et al., "The 
technology and performance of the latest generation buried contact solar cell 
manufactured in bp solar's tres cantos facility," in proceedings of 19th EUPVSEC, 
Paris, 2004. 
[19] C. M. Chong, S. R. Wenham, and M. A. Green, "High-efficiency, laser grooved, 
buried contact silicon solar cells," Applied Physics Letters, vol. 52, pp. 407-409, 
1988. 
[20] Buried Contact Solar Cells. Available: 
http://pveducation.org/pvcdrom/manufacturing/buried-contract 
[21] E. Schneiderlöchner, R. Preu, R. Lüdemann, and S. W. Glunz, "Laser-fired rear 
contacts for crystalline silicon solar cells," Progress in Photovoltaics: Research 
and Applications, vol. 10, pp. 29-34, 2002. 
[22] M. D. Abbott, "Advanced Laser Processing and Photoluminescence 
Characterisation of High Efficiency Silicon Solar Cells," Doctoral Dissertation, 
University of New South Wales, 2006. 
[23] E. Fogarassy, R. Stuck, J. J. Grob, and P. Siffert, "Silicon solar cells realized by 
laser induced diffusion of vacuum-deposited dopants," Journal of Applied 
Physics, vol. 52, pp. 1076-1082, 1981. 
[24] M. Ametowabla, A. Esturo-Breton, J. R. Kohler, and J. H. Werner, "Laser 
processing of crystalline silicon solar cells," in 31st IEEE PVSC, 2005, pp. 1277-
1280. 
[25] S. J. Eisele, T. C. Roder, J. R. Kohler, and J. J. H. Werner, "18.9% efficient full 
area laser doped silicon solar cell," Applied Physics Letters, vol. 95, pp. 133501-
133501-3, 2009. 
[26] R. Stuck, E. Fogarassy, J. C. Muller, M. Hodeau, A. Wattiaux, and P. Siffert, 
"Laser-induced diffusion by irradiation of silicon dipped into an organic solution 
of the dopant," Applied Physics Letters, vol. 38, pp. 715-717, 1981. 
[27] F. Colville, "Laser-assisted selective emitters and the role of laser doping," 
Photovoltaics International, vol. 5, pp. 1-7, 2009. 
[28] L. Pirozzi, G. Arabito, F. Artuso, V. Barbarossa, U. Besi-Vetrella, S. Loreti, et al., 
"Selective emitters in buried contact silicon solar cells: Some low-cost solutions," 
Solar Energy Materials and Solar Cells, vol. 65, pp. 287-295, 2001. 
[29] U. Besu-Vetrella, L. Pirozzi, E. Salza, G. Ginocchietti, F. Ferrazza, L. Ventura, et 
al., "Large area, screen printed silicon solar cells with selective emitter made by 
laser overdoping and RTA spin-on glasses," in 26th IEEE PVSC, 1997, pp. 135-
138. 
[30] K. Horiuchi, Y. Nishihara, A. Ogane, Y. Takahashi, A. Kitiyanan, Y. Uraoka, et 
al., "Profile controlled laser doping for n-type silicon solar cells," laser, vol. 900, 
p. 3, 2007. 
[31] S. R. Wenham and M. A. Green, "Self aligning method for forming a selective 
emitter and metallization in a solar cell," ed: Google Patents, 2002. 
[32] B. S. Tjahjono, "Laser Doped Selective Emitter Solar Cells," Doctoral 
Dissertation, University of New South Wales, 2010. 
[33] D. Kray, M. Alemán, A. Fell, S. Hopman, K. Mayer, M. Mesec, et al., "Laser-
doped silicon solar cells by laser chemical processing (LCP) exceeding 20% 
efficiency," in 33rd IEEE PVSC, 2008, pp. 1-3. 
179 
 
[34] A. Fell, "Modelling and simulation of laser chemical processing (LCP) for the 
manufacturing of silicon solar cells," Doctoral Dissertation, University of 
Konstanz, 2010. 
[35] J. M. Gee, W. K. Schubert, and P. A. Basore, "Emitter wrap-through solar cell," 
in 23rd IEEE PVSC, 1993, pp. 265-270. 
[36] E. Van Kerschaver, R. Einhaus, J. Szlufcik, J. Nijs, and R. Mertens, "A novel 
silicon solar cell structure with both external polarity contacts on the back 
surface," in 2nd World Conference and Exhibition on Photovoltaic Solar Energy 
Conversion, 1998, pp. 1479-1482. 
[37] W. Kautek, J. Krüger, M. Lenzner, S. Sartania, C. Spielmann, and F. Krausz, 
"Laser ablation of dielectrics with pulse durations between 20 fs and 3 ps," 
Applied Physics Letters, vol. 69, pp. 3146-3148, 1996. 
[38] G. Heinrich, M. Bähr, K. Stolberg, T. Wütherich, M. Leonhardt, and A. 
Lawerenz, "Investigation of ablation mechanisms for selective laser ablation of 
silicon nitride layers," Energy Procedia, vol. 8, pp. 592-597, 2011. 
[39] A. Knorz, M. Peters, A. Grohe, C. Harmel, and R. Preu, "Selective laser ablation 
of SiNx layers on textured surfaces for low temperature front side 
metallizations," Progress in Photovoltaics: Research and Applications, vol. 17, 
pp. 127-136, 2009. 
[40] X. Wang, Z. H. Shen, J. Lu, and X. W. Ni, "Laser-induced damage threshold of 
silicon in millisecond, nanosecond, and picosecond regimes," Journal of Applied 
Physics, vol. 108, 2010. 
[41] S. Baumann, D. Kray, K. Mayer, A. Eyer, and G. P. Willeke, "Comparative 
Study of Laser Induced Damage in Silicon Wafers," in IEEE 4th World 
Conference on Photovoltaic Energy Conversion, 2006, pp. 1142-1145. 
[42] D. Bäuerle, Laser processing and chemistry: Springer, 2011. 
[43] R. F. Haglund, J. C. Miller, T. Lucatorto, and M. De Graef, Laser ablation and 
desorption vol. 30: Academic Press, 1997. 
[44] A. M. Prokhorov, V. Konov, I. Ursu, and I. N. Mihailescu, Laser heating of 
metals: Hilger Bristol, 1990. 
[45] T. Qiu and C. Tien, "Short-pulse laser heating on metals," International Journal 
of Heat and Mass Transfer, vol. 35, pp. 719-726, 1992. 
[46] C. Chan and J. Mazumder, "One-dimensional steady-state model for damage by 
vaporization and liquid expulsion due to laser‐material interaction," Journal of 
Applied Physics, vol. 62, pp. 4579-4586, 1987. 
[47] B. Chichkov, C. Momma, S. Nolte, F. Von Alvensleben, and A. Tünnermann, 
"Femtosecond, picosecond and nanosecond laser ablation of solids," Applied 
Physics A, vol. 63, pp. 109-115, 1996. 
[48] E. Eva and K. Mann, "Calorimetric measurement of two-photon absorption and 
color-center formation in ultraviolet-window materials," Applied Physics A, vol. 
62, pp. 143-149, 1996. 
[49] K. Hata, M. Watanabe, and S. Watanabe, "Nonlinear processes in UV optical 
materials at 248 nm," Applied Physics B, vol. 50, pp. 55-59, 1990. 
[50] A. Taylor, R. Gibson, and J. Roberts, "Two-photon absorption at 248 nm in 
ultraviolet window materials," Optics letters, vol. 13, pp. 814-816, 1988. 
[51] R. Williams, "Optically generated lattice defects in halide crystals," Optical 
Engineering, vol. 28, p. 1, 1989. 
[52] A. Epifanov, "Theory of electron-avalanche ionization induced in solids by 




[53] X. Shen, S. C. Jones, and P. Braunlich, "Laser heating of free electrons in wide-
gap optical materials at 1064 nm," Physical review letters, vol. 62, p. 2711, 1989. 
[54] P. Daguzan, S. Guizard, K. Krastev, P. Martin, G. Petite, A. Dos Santos, et al., 
"Direct observation of multiple photon absorption by free electrons in a wide 
band-gap insulator under strong laser irradiation," Physical review letters, vol. 73, 
p. 2352, 1994. 
[55] E. Yablonovitch, "Optical Dielectric Strength of Alkali ‐ Halide Crystals 
Obtained by Laser‐Induced Breakdown," Applied Physics Letters, vol. 19, pp. 
495-497, 1971. 
[56] N. Bloembergen, "Laser-induced electric breakdown in solids," IEEE Journal of 
Quantum Electronics, vol. 10, pp. 375-386, 1974. 
[57] R. M. Wood, Laser-induced damage of optical materials: CRC Press, 2003. 
[58] H. Sim, S. Lee, and K. Kang, "Femtosecond pulse laser interactions with thin 
silicon films and crater formation considering optical phonons and wave 
interference," Microsystem Technologies, vol. 14, pp. 1439-1446, 2008. 
[59] A. Demkov, L. Fonseca, E. Verret, J. Tomfohr, and O. Sankey, "Complex band 
structure and the band alignment problem at the Si–high-k dielectric interface," 
Physical Review B, vol. 71, p. 195306, 2005. 
[60] T. Rublack, S. Hartnauer, M. Mergner, M. Muchow, M. Schade, H. S. Leipner, et 
al., "Mechanism of selective removal of transparent layers on semiconductors 
using ultrashort laser pulses," in SPIE LASE, 2012. 
[61] S. Hermann, N.-P. Harder, R. Brendel, D. Herzog, and H. Haferkamp, 
"Picosecond laser ablation of SiO2 layers on silicon substrates," Applied Physics 
A, vol. 99, pp. 151-158, 2010/04/01 2010. 
[62] J. Thorstensen, R. Sæterli, and S. E. Foss, "Laser ablation mechanisms in thin 
silicon nitride films on a silicon substrate," submitted to IEEE Journal of 
Photovoltaics, 2013. 
[63] M. Sheik-Bahae and M. P. Hasselbeck, "Third-order optical nonlinearities." 
[64] B. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, B. W. Shore, and M. Perry, 
"Optical ablation by high-power short-pulse lasers," Journal of the Optical 
Society of America B, vol. 13, pp. 459-468, 1996. 
[65] N. M. Bulgakova, R. Stoian, A. Rosenfeld, I. V. Hertel, and E. E. Campbell, 
"Fast electronic transport and Coulomb Explosion in materials irradiated with 
ultrashort laser pulses," in Laser Ablation and its Applications, ed: Springer, 
2007, pp. 17-36. 
[66] K. Neckermann, S. Correia, and G. Andra, "Local structuring of dielectric layers 
on silicon for improved solar cell metallization," 22nd EU PVSEC, pp. 3-7, 2007. 
[67] S. Correia, J. Lossen, M. Wald, K. Neckermann, and M. Bähr, "Selective laser 
ablation of dielectric layers," in 22nd EU PVSEC, 2007. 
[68] V. Rana, Z. Zhang, C. Lazik, R. Mishra, T. Weidman, and C. Eberspacher, 
"Investigations into selective removal of silicon nitride using laser for crystalline 
silicon solar cells," in 23rd EU PVSEC, 2008. 
[69] Z. Liu, S. Chen, P. Ma, Y. Wei, Y. Zheng, F. Pan, et al., "Characterization of 
1064nm nanosecond laser-induced damage on antireflection coatings grown by 
atomic layer deposition," Optics Express, vol. 20, pp. 854-863, 2012/01/16 2012. 
[70] P. M. Fauchet and A. E. Siegman, "Surface ripples on silicon and gallium 
arsenide under picosecond laser illumination," Applied Physics Letters, vol. 40, 
pp. 824-826, 1982. 
181 
 
[71] P. Temple and M. J. Soileau, "Polarization charge model for laser-induced ripple 
patterns in dielectric materials," IEEE Journal of Quantum Electronics, vol. 17, 
pp. 2067-2072, 1981. 
[72] J. E. Sipe, J. F. Young, J. S. Preston, and H. M. van Driel, "Laser-induced 
periodic surface structure. I. Theory," Physical Review B, vol. 27, pp. 1141-1154, 
01/15/ 1983. 
[73] S. Hermann, T. Dezhdar, N.-P. Harder, R. Brendel, M. Seibt, and S. Stroj, 
"Impact of surface topography and laser pulse duration for laser ablation of solar 
cell front side passivating SiNx layers," Journal of Applied Physics, vol. 108, pp. 
-, 2010. 
[74] R. A. Sinton and A. Cuevas, "Contactless determination of current-voltage 
characteristics and minority-carrier lifetimes in semiconductors from quasi-
steady-state photoconductance data," Applied Physics Letters, vol. 69, pp. 2510-
2512, 1996. 
[75] T. Trupke and R. A. Bardos, "Photoluminescence: a surprisingly sensitive 
lifetime technique," in 31st IEEE PVSC, 2005, pp. 903-906. 
[76] K. C. Fong and A. Blakers, "Method of analyzing silicon groove damage using 
QSS-PC, PL imaging, silicon etch rate, and visual microscopy for solar cell 
fabrication," Progress in Photovoltaics: Research and Applications, vol. 19, pp. 
740-746, 2011. 
[77] M. J. Kerr, "Surface, emitter and bulk recombination in silicon and development 
of silicon nitride passivated solar cells," Doctoral Dissertation, The Australian 
National University, 2008. 
[78] A. B. Sproul, "Dimensionless solution of the equation describing the effect of 
surface recombination on carrier decay in semiconductors," Journal of Applied 
Physics, vol. 76, pp. 2851-2854, 1994. 
[79] D. E. Kane and R. M. Swanson, "Measurement of the emitter saturation current 
by a contactless photoconductivity decay method," in 18th IEEE PVSC, 1985. 
[80] P. Engelhart, S. Hermann, T. Neubert, H. Plagwitz, R. Grischke, R. Meyer, et al., 
"Laser ablation of SiO2 for locally contacted Si solar cells with ultra-short 
pulses," Progress in Photovoltaics: Research and Applications, vol. 15, pp. 521-
527, 2007. 
[81] M. Bähr, G. Heinrich, K.-P. Stolberg, T. Wütherich, and R. Böhme, "Ablation of 
Dielectrics without Substrate Damage Using Ultra-Short-Pulse Laser Systems," 
in 25th EU PVSEC, Valencia, Spain, 2010, pp. 2490 - 2496. 
[82] K. H. Yang, "An Etch for Delineation of Defects in Silicon," Journal of The 
Electrochemical Society, vol. 131, pp. 1140-1145, 1984. 
[83] F. Secco d' Aragona, "Dislocation Etch for (100) Planes in Silicon," Journal of 
The Electrochemical Society, vol. 119, pp. 948-951, 1972. 
[84] D. G. Schimmel, "Defect Etch for <100> Silicon Evaluation," Journal of The 
Electrochemical Society, vol. 126, pp. 479-483, 1979. 
[85] Z. Hameiri, T. Puzzer, L. Mai, A. B. Sproul, and S. R. Wenham, "Laser induced 
defects in laser doped solar cells," Progress in Photovoltaics: Research and 
Applications, vol. 19, pp. 391-405, 2011. 
[86] D. Schneider, E. Stiehl, R. Hammer, A. Franke, R. P. Riegert, and T. Schuelke, 
"Nondestructive testing of damage layers in semiconductor materials by surface 
acoustic waves," in Design, Process Integration, and Characterization for 
Microelectronics, 2002, pp. 195-211. 
[87] W. Hastie John, J. Paul Albert, W. Bonnell David, and K. Schenck Peter, "In Situ 
Monitoring by Mass Spectrometry of Laser Ablation Plumes Used in Thin Film 
182 
 
Deposition," in Synthesis and Characterization of Advanced Materials. vol. 681, 
ed: American Chemical Society, 1997, pp. 39-50. 
[88] G. Koren, "Observation of shock waves and cooling waves in the laser ablation 
of Kapton films in air," Applied Physics Letters, vol. 51, pp. 569-571, 1987. 
[89] E. Matthias, J. Siegel, S. Petzoldt, M. Reichling, H. Skurk, O. Käding, et al., "In-
situ investigation of laser ablation of thin films," Thin Solid Films, vol. 254, pp. 
139-146, 1995. 
[90] M. Reichling, J. Siegel, E. Matthias, H. Lauth, and E. Hacker, "Photoacoustic 
studies of laser damage in oxide thin films," Thin Solid Films, vol. 253, pp. 333-
338, 1994. 
[91] Y. F. Lu, M. H. Hong, S. J. Chua, B. S. Teo, and T. S. Low, "Audible acoustic 
wave emission in excimer laser interaction with materials," Journal of Applied 
Physics, vol. 79, pp. 2186-2191, 1996. 
[92] T. Rublack and G. Seifert, "Femtosecond laser delamination of thin transparent 
layers from semiconducting substrates [Invited]," Optical Materials Express, vol. 
1, pp. 543-550, 2011. 
[93] A. H. Al-Bayati, K. G. Orrman-Rossiter, J. Van den Berg, and D. Armour, 
"Composition and structure of the native Si oxide by high depth resolution 
medium energy ion scatering," Surface science, vol. 241, pp. 91-102, 1991. 
[94] J. Liu, "Simple technique for measurements of pulsed Gaussian-beam spot sizes," 
Optics Letters, vol. 7, pp. 196-198, 1982. 
[95] P. K. Basu, Z. Hameiri, D. Sarangi, J. Cunnusamy, E. Carmona, J. Avancena, et 
al., "Achieving higher efficiencies with a low-cost etch for in-line-diffused 
silicon wafer cells," Solar Media. 
[96] R. K. Singh and J. Viatella, "Slim: a Personal Computer Based Software for 
Simulation of Laser Interaction with Materials," MRS Online Proceedings 
Library, vol. 236, 1991. 
[97] P. Kittidachachan, T. Markvart, G. J. Ensell, R. Greef, and D. M. Bagnall, "An 
analysis of a "dead layer" in the emitter of n+pp+ solar cells," in 31st IEEE PVSC, 
2005, pp. 1103-1106. 
[98] M. A. Green, "Solar cells: operating principles, technology, and system 
applications," Englewood Cliffs, NJ, Prentice-Hall, Inc., 1982. 288 p., vol. 1, 
1982. 
[99] H. Kampwerth, T. Trupke, J. Weber, and Y. Augarten, "Advanced luminescence 
based effective series resistance imaging of silicon solar cells," Applied Physics 
Letters, vol. 93, pp. 202102-202102-3, 2008. 
[100] D. S. Chan and J. C. Phang, "Analytical methods for the extraction of solar-cell 
single-and double-diode model parameters from IV characteristics," IEEE 
Transactions on Electron Devices, vol. 34, pp. 286-293, 1987. 
[101] T. Dullweber, S. Gatz, H. Hannebauer, T. Falcon, R. Hesse, J. Schmidt, et al., 
"Towards 20% efficient large‐area screen‐printed rear‐passivated silicon 
solar cells," Progress in Photovoltaics: Research and Applications, vol. 20, pp. 
630-638, 2012. 
[102] H. Wang, Z. Zhao, J. Sun, and J. Yang, "Heat exchanging process of metal target 
under millisecond pulsed laser shocking," Transactions of Tianjin University, vol. 
19, pp. 66-69, 2013. 
[103] D. Marla, U. V. Bhandarkar, and S. S. Joshi, "Modeling nanosecond pulsed laser 
ablation: A focus on temperature dependence of material properties," 
Manufacturing Letters, vol. 2, pp. 13-16, 2014. 
183 
 
[104] B. Hoex, J. Schmidt, R. Bock, P. P. Altermatt, M. C. M. van de Sanden, and W. 
M. M. Kessels, "Excellent passivation of highly doped p-type Si surfaces by the 
negative-charge-dielectric Al2O3," Applied Physics Letters, vol. 91, 2007. 
[105] G. Claudio, K. Bass, K. Heasman, A. Cole, S. Roberts, S. Watson, et al., 
"Surface passivation by silicon nitride in Laser Grooved Buried Contact (LGBC) 
silicon solar cells," Superlattices and Microstructures, vol. 45, pp. 234-239, 2009. 
[106] M. Rahman and S. Khan, "Advances in surface passivation of c-Si solar cells," 
Materials for Renewable and Sustainable Energy, vol. 1, pp. 1-11, 2012. 
[107] R. A. Falk, "Near ir absorption in heavily doped silicon-an empirical approach," 
in International symposium for testing and failure analysis, 2000, pp. 121-128. 
[108] J. Thorstensen and S. E. Foss, "New Approach for the Ablation of Dielectrics 
from Silicon Using Long Wavelength Lasers," Energy Procedia, vol. 38, pp. 
787-793, 2013. 
[109] S. Herlufsen, J. Schmidt, D. Hinken, K. Bothe, and R. Brendel, "Camera-based 
photoluminescence lifetime imaging of crystalline silicon wafers," in 24th EU 
PVSEC, 2009, pp. 913-917. 
[110] J. Chen, Z. Du, B. Hoex, Z. H. J. Tey, and A. G. Aberle, "Investigation of 
evaporated rear contacts for Al-LBSF silicon wafer solar cells," Energy Procedia, 
vol. 25, pp. 10-18, 2012. 
[111] S. Duttagupta, F. Lin, M. Wilson, M. B. Boreland, B. Hoex, and A. G. Aberle, 
"Extremely low surface recombination velocities on low‐resistivity n‐type and 
p‐type crystalline silicon using dynamically deposited remote plasma silicon 
nitride films," Progress in Photovoltaics: Research and Applications, 2012. 
[112] J. Wilson. (2007). Thermal diffusivity. Available: http://www.electronics-
cooling.com/2007/08/thermal-diffusivity/ 
[113] U. Römer, F. Haase, T. Neubert, J. Petermann, R. Peibst, N. Harder, et al., 
"Limits for short-pulse laser processing of high efficiency crystalline silicon solar 
cells on thin wafers," in 22nd Int. Photovoltaic Sci. Eng. Conf., Hangzhou, China, 
2012. 
[114] PVLighthouse. (2014). OPAL 2. Available: 
http://www.pvlighthouse.com.au/calculators/OPAL%202/OPAL%202.aspx 
[115] X. M. Lu, Q. H. Lu, J. Yin, Z. K. Zhu, and Z. G. Wang, "Laser-induced periodic 
surface structure on a polymer surface: The effect of a prerubbing treatment on 
the surface structure," Journal of Polymer Science Part B: Polymer Physics, vol. 
41, pp. 1273-1280, 2003. 
[116] B. Hoex, J. J. H. Gielis, M. C. M. van de Sanden, and W. M. M. Kessels, "On the 
c-Si surface passivation mechanism by the negative-charge-dielectric Al2O3," 
Journal of Applied Physics, vol. 104, 2008. 
[117] J. M. Seitzman. (2013). Formation of Shock Waves. Available: 
http://seitzman.gatech.edu/classes/ae3450/shocks.pdf 
[118] X. Zeng, X. Mao, S. S. Mao, S.-B. Wen, R. Greif, and R. E. Russo, "Laser-
induced shockwave propagation from ablation in a cavity," Applied physics 
letters, vol. 88, 2006. 
[119] S. Zhu, Y. Lu, M. Hong, and X. Chen, "Laser ablation of solid substrates in water 
and ambient air," Journal of Applied Physics, vol. 89, pp. 2400-2403, 2001. 
[120] S. Zhu, Y. Lu, and M. Hong, "Laser ablation of solid substrates in a water-
confined environment," Applied Physics Letters, vol. 79, pp. 1396-1398, 2001. 
[121] C. Phipps, T. Turner, R. Harrison, G. York, W. Osborne, G. Anderson, et al., 
"Impulse coupling to targets in vacuum by KrF, HF, and CO 2 single‐pulse 
lasers," Journal of Applied Physics, vol. 64, pp. 1083-1096, 1988. 
184 
 
[122] N. Anderholm, "Laser‐generated stress waves," Applied Physics Letters, vol. 16, 
pp. 113-115, 1970. 
[123] M. Boustie, L. Berthe, T. De Rességuier, and M. Arrigoni, "Laser shock waves: 
fundamentals and applications," in Proc. 1st Int. Symp. On Laser Ultrasonics: 
Science, Technology and Applications, Paper, 2008. 
[124] G. Paltauf and P. E. Dyer, "Photomechanical processes and effects in ablation," 
Chemical reviews, vol. 103, pp. 487-518, 2003. 
[125] L. V. Zhigilei, Z. Lin, and D. S. Ivanov, "Atomistic modeling of short pulse laser 
ablation of metals: connections between melting, spallation, and phase 
explosion†," The Journal of Physical Chemistry C, vol. 113, pp. 11892-11906, 
2009. 
[126] M. A. Green and M. J. Keevers, "Optical properties of intrinsic silicon at 300 K," 
Progress in Photovoltaics: Research and Applications, vol. 3, pp. 189-192, 1995. 
[127] J. Ren, S. S. Orlov, and L. Hesselink, "Rear surface spallation on single-crystal 
silicon in nanosecond laser micromachining," Journal of Applied Physics, vol. 97, 
2005. 
[128] D. Grady, "The spall strength of condensed matter," Journal of the Mechanics 
and Physics of Solids, vol. 36, pp. 353-384, 1988. 
[129] S. Eliezer, I. Gilath, and T. Bar ‐Noy, "Laser‐ induced spall in metals: 
Experiment and simulation," Journal of Applied Physics, vol. 67, pp. 715-724, 
1990. 
[130] I. B. ZelDovich, Physics of shock waves and high-temperature hydrodynamic 
phenomena: DoverPublications. com, 1966. 
[131] T. Faith, R. Irven, S. Plante, and J. ONeill, "Contact resistance: Al and Al–Si to 
diffused N+ and P+ silicon," Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films, vol. 1, pp. 443-448, 1983. 
[132] H. Onoda, "Dependence of Al-Si/Si contact resistance on substrate surface 
orientation," IEEE Electron Device Letters, vol. 9, pp. 613-615, 1988. 
[133] T. a. Miura, M. Niwano, D. Shoji, and N. Miyamoto, "Kinetics of oxidation on 
hydrogen‐terminated Si (100) and (111) surfaces stored in air," Journal of 
Applied Physics, vol. 79, pp. 4373-4380, 1996. 
[134] X. G. Zhang, Electrochemistry of Silicon and its Oxide: Springer, 2001. 
[135] B. E. Deal and A. Grove, "General relationship for the thermal oxidation of 
silicon," Journal of Applied Physics, vol. 36, pp. 3770-3778, 1965. 
[136] E. Young, "Electron-active silicon oxidation," Applied Physics A, vol. 47, pp. 
259-269, 1988. 
[137] J. Solis and C. N. Afonso, "Early stages of melting in Si under nanosecond laser 
pulse irradiation: A time‐resolved study," Journal of Applied Physics, vol. 69, 
pp. 2105-2111, 1991. 
[138] D. H. Auston, J. A. Golovchenko, and T. N. C. Venkatesan, "Dynamics Of Laser 
Annealing," 1980, pp. 19-25. 
[139] W. Hawkins and D. Biegelsen, "Origin of lamellae in radiatively melted silicon 
films," Applied Physics Letters, vol. 42, pp. 358-360, 1983. 
[140] M. Combescot, J. Bok, and C. B. à la Guillaume, "Instability at the melting 
threshold of laser-irradiated silicon," Physical Review B, vol. 29, pp. 6393-6395, 
06/01/ 1984. 
[141] N. Smith, "Oxidation of Liquid Silicon in a Medium Scale Induction Furnace: 
Examination of the Fuming Rate and Fume Composition," Doctoral Dissertation, 
Norwegian University of Science and Technology, 2012. 
185 
 
[142] T. E. Orlowski and D. A. Mantell, "Ultraviolet laser‐ induced oxidation of 
silicon: The effect of oxygen photodissociation upon oxide growth kinetics," 
Journal of Applied Physics, vol. 64, pp. 4410-4414, 1988. 
[143] V. Veyko, E. Shakhno, A. Poleshchuk, V. Korolkov, and V. Matyzhonok, "Local 
laser oxidation of thin metal films: ultra-resolution in theory and in practice," in 
Proc. of the 9th Int. Symp. on Laser Precision Microfabrication (LPM-2008), 
Quebec City, Canada, June 16, 2008. 
[144] J. Krause, R. Woehl, M. Rauer, C. Schmiga, J. Wilde, and D. Biro, 
"Microstructural and electrical properties of different-sized aluminum-alloyed 
contacts and their layer system on silicon surfaces," Solar Energy Materials and 
Solar Cells, vol. 95, pp. 2151-2160, 2011. 
[145] J. O. McCaldin and H. Sankur, "Diffusivity and Solubility of Si in the Al 
Metallization of Integrated Circuits," Applied Physics Letters, vol. 19, pp. 524-
527, 1971. 
[146] E. Urrejola, K. Peter, H. Plagwitz, and G. Schubert, "Silicon diffusion in 
aluminum for rear passivated solar cells," Applied Physics Letters, vol. 98, 2011. 
[147] J. Chen, Z. H. J. Tey, Z. R. Du, F. Lin, B. Hoex, and A. G. Aberle, "Investigation 
of Screen-Printed Rear Contacts for Aluminum Local Back Surface Field Silicon 
Wafer Solar Cells," IEEE Journal of Photovoltaics, vol. 3, pp. 690-696, 2013. 
[148] Z. R. Du, N. Palina, J. Chen, F. Lin, M. H. Hong, and B. Hoex, "Impact of KOH 
Etching on Laser Damage Removal and Contact Formation for Al Local Back 
Surface Field Silicon Wafer Solar Cells," in 27th EUPVSEC, Frankfurt, Germany, 
2012, pp. 1230-1233. 
[149] T. Nogami, S. Takahashi, M. Oami, Y. Kaneko, and O. Haida, "Suppressed Si 
precipitation at an AlSi/Si contact by the presence of thin SiO2 film on the Si 
substrate," Semiconductor science and technology, vol. 9, p. 2138, 1994. 
[150] B. Fischer, "Loss analysis of crystalline silicon solar cells using 
photoconductance and quantum efficiency measurements," Doctoral Dissertation, 
University of Konstanz, 2003. 
[151] A. Wolf, D. Biro, J. Nekarda, S. Stumpp, A. Kimmerle, S. Mack, et al., 
"Comprehensive analytical model for locally contacted rear surface passivated 
solar cells," Journal of Applied Physics, vol. 108, 2010. 
[152] J. Thorstensen and S. E. Foss, "Investigation of Depth of Laser Damage to 
Silicon as Function of Wavelength and Pulse Duration," Energy Procedia, vol. 
38, pp. 794-800, 2013. 
[153] C. Kranz, S. Wyczanowski, S. Dorn, K. Weise, C. Klein, K. Bothe, et al., 
"Impact of the rear surface roughness on industrial-type PERC solar cells," in 
Proceedings of the 27th European Photovoltaic Solar Energy Conference, 
Frankfurt, 2012, pp. 24-28. 
[154] J. Muller, K. Bothe, S. Gatz, H. Plagwitz, G. Schubert, and R. Brendel, "Contact 
formation and recombination at screen-printed local Aluminum-alloyed Silicon 
solar cell base contacts," IEEE Transactions on Electron Devices, vol. 58, pp. 
3239-3245, 2011. 
[155] L. Calcagno, C. Spinella, S. Coffa, and E. Rimini, "Extended defect removal in 
silicon by rapid thermal annealing," Il Nuovo Cimento D, vol. 12, pp. 1593-1601, 
1990. 
[156] V. V. Titov, "Diffusion and defect annealing in silicon doped by phosphorus ion 
implantation," physica status solidi (a), vol. 2, pp. 203-209, 1970. 
[157] T. E. Seidel, D. J. Lischner, C. S. Pai, R. V. Knoell, D. M. Maher, and D. C. 
Jacobson, "A review of rapid thermal annealing (RTA) of B, BF2 and As ions 
implanted into silicon," Nuclear Instruments and Methods in Physics Research 
186 
 
Section B: Beam Interactions with Materials and Atoms, vol. 7–8, Part 1, pp. 
251-260, 1985. 
[158] J. Narayan and O. W. Holland, "Rapid thermal annealing of ion‐implanted 
semiconductors," Journal of Applied Physics, vol. 56, pp. 2913-2921, 1984. 
[159] H. Jin, K. J. Weber, P. N. K. Deenapanray, and A. W. Blakers, "Hydrogen 
Reintroduction by Forming Gas Annealing to LPCVD Silicon Nitride Coated 
Structures," Journal of The Electrochemical Society, vol. 153, pp. G750-G754, 
2006. 
[160] B. L. Sopori, K. M. Jones, X. Deng, R. Matson, M. Al-Jassim, S. Tsuo, et al., 
"Hydrogen in silicon: diffusion and defect passivation," in 22nd IEEE PVSC, 
1991, pp. 833-841. 
[161] S. Martinuzzi, I. Périchaud, and F. Warchol, "Hydrogen passivation of defects in 
multicrystalline silicon solar cells," Solar Energy Materials and Solar Cells, vol. 
80, pp. 343-353, 2003. 
[162] E. D. Palik, H. F. Gray, and P. B. Klein, "A Raman Study of Etching Silicon in 
Aqueous   KOH  " Journal of The Electrochemical Society, vol. 130, pp. 956-
959, 1983. 
[163] M. Shikida, T. Masuda, D. Uchikawa, and K. Sato, "Surface roughness of single-
crystal silicon etched by TMAH solution," Sensors and Actuators A: Physical, 
vol. 90, pp. 223-231, 2001. 
[164] K. E. Bean and K. E. Bean, "Anisotropic etching of silicon," IEEE Transactions 
on Electron Devices, vol. 25, pp. 1185-1193, 1978. 
[165] V. Lindroos, Handbook of silicon based MEMS materials and technologies. 
Oxford, U.K. ; Burlington, Mass.: William Andrew, 2010. 
[166] X. G. Zhang, Electrochemistry of silicon and its oxide. New York: Kluwer 
Academic/Plenum Publishers. 
[167] J. Mandelkorn and J. H. Lamneck Jr, "Simplified fabrication of back surface 
electric field silicon cells and novel characteristics of such cells," Solar Cells, vol. 
29, pp. 121-130, 1990. 
[168] M. P. Godlewski, C. R. Baraona, and H. W. Brandhorst Jr, "Low-high junction 
theory applied to solar cells," Solar Cells, vol. 29, pp. 131-150, 1990. 
[169] J. G. Fossum, "Physical operation of back-surface-field silicon solar cells," IEEE 
Transactions on Electron Devices, vol. 24, pp. 322-325, 1977. 
[170] S.-i. Fujikawa, K.-i. Hirano, and Y. Fukushima, "Diffusion of silicon in 
aluminum," Metallurgical Transactions A, vol. 9, pp. 1811-1815, 1978. 
[171] C. J. Kircher, "Contact metallurgy for shallow junction Si devices," Journal of 
Applied Physics, vol. 47, pp. 5394-5399, 1976. 
[172] A. Paul, "The Kirkendall effect in solid state diffusion," Doctoral Dissertation, 
Technical University of Eindhoven, 2004. 
[173] E. O. Kirkendall, "Diffusion of zinc in alpha brass," Transaction AIME, vol. 147, 
pp. 104-109, 1942. 
[174] E. Urrejola, "Aluminum-silicon Contact Formation Through Narrow Dielectric 
Openings: Application to Industrial High Efficiency Rear Passivated Solar 
Cells," Doctoral Dissertation, University of Konstanz, 2012. 
[175] M. J. Madou, Fundamentals of microfabrication : the science of miniaturization. 
Boca Raton, Fla.: CRC Press. 
[176] O. Breitenstein, A. Khanna, Y. Augarten, J. Bauer, J. M. Wagner, and K. Iwig, 
"Quantitative evaluation of electroluminescence images of solar cells," physica 
status solidi (RRL) – Rapid Research Letters, vol. 4, pp. 7-9, 2010. 
187 
 
[177] A. Delamarre, L. Lombez, and J.-F. Guillemoles, "Characterization of solar cells 
using electroluminescence and photoluminescence hyperspectral images," 
Journal of Photonics for Energy, vol. 2, 2012. 
[178] E. Urrejola, "Understanding and avoiding the formation of voids for rear 
passivated silicon solar cells," in 3rd Workshop on Metallization for Crystalline 
Silicon Solar Cells, Charleroi (Belgium), 2011. 
[179] A. G. Aberle, W. Zhang, and B. Hoex, "Advanced loss analysis method for 
silicon wafer solar cells," Energy Procedia, vol. 8, pp. 244-249, 2011. 
[180] A. G. Aberle, S. R. Wenham, and M. A. Green, "A new method for accurate 
measurements of the lumped series resistance of solar cells," in 23rd IEEE PVSC, 
1993, pp. 133-139. 
 
 
 
